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ABSTRACT
Passive and electrically active coalescence and mixing of pairs of trapped squeezed
nanodroplets were studied in this work. PDMS-glass microfluidic devices were designed and
fabricated using multilevel photolithography technique. Flow-focusing method was used to
generate nanoliter droplets of died glycerol inside oleic acid. The effect of factors such as flow
rates and their ratio, interfacial tension, and viscosities on the size and frequency of droplet
generation was studied and concluded by demonstrating the capillary number effect. A passive
droplet trapping technique based on minimizing the surface energy of the droplets was
employed to minimize the shear flow effects and increase the accuracy of passive coalescence
and mixing experiments. The theoretical platform was presented for the analysis of this
multiphase problem and a numerical solver was developed based on the lattice Boltzmann
method to simulate the passive and electro-coalescence of the droplet pairs. Mixing of
nanodroplets was studied by discussing the contributing mixing time scales and passive mixing
of glycerol nanodroplets was experimentally realized. The rate of passive mixing percentage
was derived by performing image processing and its exponential asymptotical behavior was
presented. This study provided physical perspectives for droplet coalescence and mixing and
can be extended in several numerical and experimental aspects.
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EXTENDED ABSTRACT
This dissertation is developed around the subject of droplet-based microfluidics and consists
of topics from design and fabrication of the digital microfluidic devices, to theoretical and
numerical analysis of statics and dynamics of nanodroplets inside immiscible carrier oils and
study of the physics of droplet manipulations, specifically coalescence and mixing passively
and under the effect of DC electric field.
For this work, various iterations of microfluidic devices have been proposed and realized using
multilevel photolithography technique on SU8-2050 photoresist on silicon wafer. The devices
consist of multiple droplet generation stations, connecting channels, experiment chambers, and
droplet traps, whose features sizes ranged from 50 to 300 µm. They were fabricated using
polydimethylsiloxane (PDMS) elastomer and indium-tin Oxide (ITO)-coated glass slides. The
depth of the features in deep areas is 160 µm and in shallow regions is 80 µm.
Flow focusing method was used for generation of nanodroplets with the orifice sizes varying
from 50 to 200 µm into the channels with the cross-sectional area of 48,000 µm2. The generated
droplets had diameters between 100 and 500 µm which led to droplets volumes of 0.5 to 65
nL. Glycerol and oleic acid were used as sample liquids for dispersed and continuous phases,
respectively. Blue and red food dye was mixed in the dispersed phase for better visibility.
Different concentrations of glycerol in PBS (phosphate buffer saline) were prepared and the
effects of flow rates, surface tension, and viscosity on size and frequency of generated droplets
were studied.
To increase the accuracy of the analysis of passive coalescence and mixing in nanodroplets, a
passive trapping technique was employed by fabricating the channels in multi levels to squeeze
the droplets and fabricating microwells on the top wall of the observation chambers as droplet
traps. A parametric study was performed on the design parameters involved in trap efficiency
iv

(i.e. channel depth, trap size, and contact angle) to obtain optimum design dimensions for
acceptable trap efficiency.
Passive coalescence between a pair of squeezed glycerol nanodroplets (dyed in different colors)
was demonstrated. Theoretical framework was built for this study and a phase-field based
lattice Boltzmann method was used to simulate the flow field corresponding to this
phenomenon. Critical gap between a droplet pair necessary for coalescence initiation was
numerically derived and compared with its reported value in the literature.
The theoretical framework for passive coalescence between nanodroplet pairs was coupled
with the electrostatic Maxwell equation to consider the effect of external electrical stimulation
as a DC electric field in the x-direction on the nanodroplets. The developed lattice Boltzmann
solver was enhanced with a module to consider this effect as well. A novel approach was
developed by combining the perfect and leaky dielectric models into a single computational
domain. This approach could resolve the singularity issue due to sudden change of electrical
properties of the fluids at the interface which otherwise would lead to divergence of the solver.
The simulation started by demonstrating the deformation of a single droplet under a horizontal
DC electric field and was extended to simulation of electrocoalescence of nanodroplet pairs
under different magnitude of electric field.
The final phase of this study is to analyze mixing of nanodroplets as a subsequent phenomenon
that follows coalescence. For this purpose, two separate droplet generation stations were
incorporated to the microfluidic devices to generate glycerol droplets of different colors and
facilitate the mixing experiment as it occurs. The squeezed glycerol nanodroplets were trapped
in the observation chamber and coalescence and mixing were recorded. The snapshots were
captured with time and went through image processing to realize the trend of mixing of
nanodroplets. The pictures were enhanced and converted to 32-bit grayscales and the
v

normalized standard deviation of gray intensity indices compared to the final frame were
calculated at each time. Mixing percentage was defined and its asymptotic behavior was
analyzed.
This work provided an insight in coalescence and mixing of nanodroplets and the effect of an
external stimulation (a DC electric field) on the electrolyte droplet behaviors. It clarified the
physics behind droplet generation using flow focusing method and identified the experimental
parameters that were involved. It also quantified mixing in nanodroplets and demonstrated the
flow filed inside and around of a coalescing droplet pair. The outcomes of this work can be
further explored for applications in chemical micro and nanoreactors and biological assays.
Although the current numerical study is rather limited to 2D analysis, it can be enhanced with
3D modules and the effects of other external stimulations such as thermal and acoustic can be
incorporated in future work.
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CHAPTER 1: INTRIDUCTION AND LITERATURE REVIEW
Droplet-based microfluidics, also known as segmented-flow or digital microfluidics, is focused
on the study of generation [1, 2], coalescence [3, 4], mixing [5], splitting [6], sorting [7],
trapping and releasing [8, 9] of mico and nanoscale emulsions in multiphase flow systems
inside either closed or open microplatforms. Micro- and nanodroplets and bubbles can be
considered as carriers of colloids, chemical reagents, and biological samples. Therefore, the
ability to generate and manipulate them in a precisely controlled manner inside microdevices
enhances certain experimental and diagnostic procedures in mechanical, metallurgical,
biological, chemical, biomedical, and environmental analyses.
Droplet-based microfluidics has several advantages over the traditional microfluidics. It offers
an inexpensive, portable, rapid, and automated scheme that enhances controllability of the
processes and analytical performances by increasing the speed of reactions and measurements
and decreasing the sample volumes from mL and µL to nL and fL. It has enabled fabrication
of multi-component chips for fluidic pumping, sample preparation, aliquoting, dilution,
concentration, mixing, incubation, and isolation. Taylor dispersion, solute surface interaction,
cross contamination, and the need for excessive reagent volumes and long microchannels (as
some of the drawbacks of classical microfluidics) are addressed by exploiting droplet-based
microfluidics [10]. Immiscibility of samples to the carrier fluids, which are usually inert oils,
reduces cross contamination, sample dispersion, and fouling of channel walls. In addition,
separation of samples in droplets of desired volumes enables individual control of samples
throughout the procedure of experiments and observations. The ability to fabricate multiple test
units in a single chip without the demand to scale up the devices enables parallel processing
and leads to collecting large data sets efficiently. High interfacial area to volume ratio in
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droplet-based microfluidics is another advantage, which leads to faster heat and mass transfer
without drastic diffusion and in relative absence of body forces such as gravity.
Droplet-based microfluidic devices promote various applications in areas such as genomics,
proteomics, drug delivery, single cell analysis, and diagnostics. They have been used in
production of formulated particles [11] such as polymeric microparticles, metallic
nanoparticles, hollow or colloid/lipid coated microcapsules [12], and Janus particles [13]. Such
devices can also be used as logic circuits to create measurement devices [14] and microfluidic
computer chips [10] as well as in sustainable energy harvesting [15].
Droplet-based microfluidics is specifically a powerful tool in the area of cell biology in
different forms of in-vivo, in-situ, and in-vitro. Emulsions for cell biology purposes were first
used in 1958 by Nossal and Lederberg for antibody production [16]. Experiments on singlemolecule activity [17], emulsion Polymerase chain reactions PCR (emPCR) [18], BEAMing (a
highly sensitive digital PCR and stands for beads, emulsion, amplification, magnetics) [19],
and second generation DNA sequencing and direct evolution [20], are a few more examples of
published attempts to use droplet-based microfluidics for biological purposes. Double
emulsions [21], and microbubbles [22] can also be generated in these devices which can be
applied to synthesis of biomolecules, drug delivery, and diagnostic testing. PCR, cell culture,
cytotoxicity, clone formation, lysis, gene and protein expression, antibody secretion, and cell
poration are some of the routine biological procedures that have been facilitated by using
droplet-based microfluidics [23-25].
Smart and selective droplet manipulation enables on-demand performing of experiments on
their content and collecting the data in accurate and efficient ways. Several works are published
on droplet manipulation, specifically coalescence and mixing, using passive or active
approaches [26]. In a passive approach, the existent forces between the phases and the walls at
2

the fluid/fluid or solid/fluid interfaces are used to control and manipulate the emulsions. Main
contributor to successful implementation of passive methods is the novel geometrical design.
Therefore, this group of devices are designed to work along with the existing forces toward
achieving a goal without the need to overcome them. Due to the fast growth in biochemistry
and biomedical industries and their substantial need to on-demand, single-use, disposable, and
biocompatible treatment and diagnostic devices with fast rate of operation, this group of
microfluidic devices have recently gained certain attention by the researchers in the field [27,
28].
In active methods, external stimulations such as thermal, electrical, optical, magnetic, etc. are
employed to induce certain actuation to the samples in the flow stream. Digital microfluidic
systems might be facilitated with patterns of microheaters [29] to direct the emulsions by
inducing thermocapillarity [30, 31]. This effect can also be realized by emission of localized
laser beams to the fluid flow streams [32]. The common problem with this type of manipulation
is the unwanted temperature rise in the samples, which might affect their wellbeing. Actuation
of microdroplets and bubbles, has also been accomplished by applying external localized
magnetic field and depositing magnetic microbeads inside the emulsions [33]. Although this
method addresses the problem thermal manipulation has with temperature-sensitive samples,
it introduces a level of contamination by depositing the residue beads inside the samples.
Electrophoresis (EP) [34] and electrowetting on dielectric (EWOD) [35] are other means for
droplet manipulation which can be realized by embedding arrays of microelectrodes into the
device [36-38]. Although the application of electrical stimulation is limited to electrolyte
reagents, it is not associated with unwanted temperature elevation, is free of contamination,
and does not compromise the samples as long as the applied electrical potential is small enough.
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Therefore, for actuation of reagents of electrolyte nature, the electrical manipulation is one of
the most beneficial active methods introduced to date.
This work was dedicated to the study of the physics behind coalescence and mixing of
nanodroplets in passive and active modes. It has been realized by design and fabrication of
several reiterations of microfluidic devices on polydimethylsiloxane (PDMS) and indium-tin
oxide (ITO)-coated glass slides. The details and objectives for the design series of the
microfluidic platforms used in this work along with the fabrication procedure are discussed in
length in chapter 2 of this dissertation. As the fabricated devices consist of different fluidic
parts each for a specific operation, the rest of this dissertation is divided to six chapters
(chapters 2 to 7), each devoted to a specific phase of the work in detail, and chapter 8 which
concludes the work, provides an outlook, and wraps up this study.
Droplet generation station is the first part of any digital microfluidic platforms which should
be designed [39]. Three different groups of methods, namely co-flow [40], cross-flow [1], and
flow-focusing [2], have been developed and employed by researchers for this purpose based
on their end-goal (figure 1.1).

Figure 1.1: Methods for droplet generation in microfluidic systems: (a) Co-flow method, (b)
cross-flow method, (c) flow-focusing method. Reproduced with permission from [13].
Although each of these methods have advantages over the other two, in this work we chose the
flow-focusing method since it provides an acceptable precision in controllable generation of
monodispersed droplets in small frequency range. Generation of monodisperse streams of
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nanodroplets along with the characterization and identification of contributing factors is
discussed in chapter 3. Oleic acid and PBS-diluted glycerol were used for continuous and
dispersed phases, respectively. The physical properties of glycerol and oleic acid are listed in
table 1.1 [41].
Table 1.1: Physical properties of the liquid in-use for the mixing experiments, glycerol and
oleic acid
Glycerol

Oleic Acid

1.26×103

9.00×102

1.41

2.76×10-2

Surface Tension, 𝑵/𝒎

6.40×10-2

3.28×10-2

Molecular Diffusivity, m2/s

6.0×10-9

10-10

Electrical Permittivity, F/m

4.16×10-10

2.21×10-11

Electrical Conductivity, S/m

10-5

10-10

Density, 𝒌𝒈/𝒎𝟑
Dynamic Viscosity, 𝑷𝒂. 𝒔

In order to study droplet coalescence and mixing (the ultimate goal of this work), it is beneficial
to minimize other affecting parameters such as convective shear flows and viscous shear
stresses exerted by the channel walls. Droplet trapping techniques are appropriate tools to
achieve this goal. Droplets are shown to be trapped by defining special shapes of geometrical
confinements and obstacles inside microchannels. Traps can be fabricated as cages located on
the sides of the main channel (figure 1.2-a) [42] or tweezer-shaped anchors located alongside
the channel (figure 1.2-b) [8, 43]. Another possible way to trap droplets is to fabricate
microwells on the top or the bottom sides of the channels (figure 1.2-c) [44-46]. The latter
technique was used in this work and a parametric analysis is presented in chapter 4 to analyze
the trap efficiency.
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Figure 1.2: Various droplet trapping methods: (a) Cages located on the sides of the main
channels (Reproduced with permission from [47].), (b) tweezer-shaped anchors located inside
the channels (Reproduced with permission from [8].), (c) Microwells located on either the top
or the bottom walls of the channels (Reproduced with permission from [48].)
Passive coalescence of trapped squeezed nanodroplets of dyed glycerol in oleic acid is studied
in chapter 5. This chapter starts with grounding a theoretical framework for the analysis of twophase flows in low Reynolds and Weber numbers. The governing equations were
nondimensionalized. A list of all the nondimensional numbers that are involved in the
presented analysis along with their physical interpretation and mathematical formulations are
presented in table 1.2. The mathematical formulation corresponding to each nondimensional
number is discussed where the number is used throughout this dissertation.
Note that in micro and nanofluidics, both the length scale, L, and the velocity, V, are small
compering to the viscosity, μ, and surface tension, γ, of the liquids in use. Therefore,
nondimensional numbers such as Reynolds number, Weber number, and Bond number attain
small values proving that the importance of some factors such as inertia, and gravity is
negligible compared to that of viscosity and surface tension in small scale. In such
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configurations, viscous and interfacial forces are of most importance, i.e. the capillary number
is the most important deciding factor.
Table 1.2: List of the nondimensional numbers involved in theoretical analysis of dropletbased microfluidic problems
Mathematical
Nondimensional Number

Abbreviation

Physical Interpretation
Formulation

Reynolds Number

Re

Inertial Forces
Viscous Forces

ρVL
μ

Weber Number

We

Inertial Forces
Surface Interfacial Forces

ρV 2 L
γ

Bond Number

Bo

Gravitational Forces
Surface Interfacial Forces

ρgL2
γ

Capillary Number

Ca

Viscous Forces
Surface Interfacial Forces

μV
γ

Electrical Bond Number

BoE

Electrostatic Forces
Surface Interfacial Forces

εd |𝐸∞ |2 Dd
γ

Mass Peclet Number

Ped

Convective Mass Transfer
Diffusive Mass Transfer

𝑢0 𝐷𝑑
𝑀

Following the theoretical framework in chapter 5, a formulation of a phase-field-based lattice
Boltzmann method is presented to solve the 2D model of the passive coalescence of the droplet
pair to demonstrate the fluid flow field during the phenomenon and better understand its
physics. The convergence and validity of the solver was verified by solving two benchmark
problems and critical gap between the droplet pair required for successful initiation of the
passive coalescence was derived and compared with the literature.
The discussion on coalescence is extended in chapter 6 by considering the effect of a uniform
DC electric field in the x-direction around the droplet. Maxwell’s electrostatic equation was
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implemented to update the local electrical potential and electrical charge density and calculate
electrostatic force on the droplets. The computational domain was divided into three sections
and a combinatory perfect/leaky dielectric model was used to formulate the problem. The 2D
lattice Boltzmann method (LBM) numerical solver was enhanced by an additional module to
simulate the behavior of emulsions under DC electric fields. The deformation of a circular
droplet was numerically simulated and compared with the published results. This deformation
which is mainly due to the redistribution of the electrical charges inside the droplet is shown
in the millimeter scale in figure 1.3. The coalescence of a droplet pair under the effects of the
DC electric field (electrocoalescence) was also simulated using the developed numerical
solver.

Figure 1.3: Demonstration of the deformation of an electrolyte droplet under an electric field
between a pair of embedded electrodes. The substrate is a PCB board and the isolation layer
for prevention of electrolysis is scotch tape (with nominal thickness of 70 µm). The gap
between the electrodes is 3 mm, and the applied voltage is 700 V. As can be seen, the droplet
is stretched along the electric field due to redistribution of its electrical charges.
8

Consequent to coalescence, a study of mixing of pairs of nanodroplets is presented in chapter
7. Four different time scales involved in passive and electrically active mixing of nanodroplets
were introduced and discussed in this chapter. The droplet pair were captured as they engaged
in passive mixing when one of them was trapped and the other one was placed adjacent to it
with minimal mean flow velocity. Droplet trapping was successfully implemented in this
experiment to ensure the convective and viscous shear flow effects are minimized. Passive
mixing progress with time was demonstrated in snapshots and image processing was performed
to analyze the time-sequenced passive mixing. Mixing percentage was defined and its
asymptotic growth was empirically derived. Passive mixing relaxation time was obtained and
compared with the theoretical time scales involved in this problem.
A comprehensive summary and conclusion of this work is provided in chapter 8, and potential
future work directions and applications related to this dissertation are introduced. This work
provides an insight to the physics of droplet coalescence and mixing in nanoscale. It presents
theoretical frameworks and parametric analyses for droplet generation, and trapping, and
incorporates external electrical stimulation to extend the factors and variables contributing to
the coalescence and mixing. As is discussed in detail in chapter 8, the present work can be
extended in different directions numerically and experimentally. The numerical solver can be
enhanced with three-dimensional modeling to include the wall shear effects and 3D flow
circulations. Electrical droplet stimulation can be designed in reverse to generate electrical
power from movement of electrolyte droplets similar to the reverse electrowetting-on-dielectric
concept (REWOD) introduced by Krupenkin [15]. Coalescence and mixing of nanodroplets by
other external stimulation methods, such as thermal or magnetic can be experimented and
numerically

modeled.

Also,

numerous

chemical

9

and

biological

applications

of

electrocoalescence and mixing can be implemented as an example of which, poration of cells
and cell models is described in detail in this chapter.
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CHAPTER 2: DEVICE DESIGN AND FABRICATION

2.1. Introduction
Numerous designs have been proposed for the study of the droplet-based microfluidics in
closed systems [26]. A novel microfluidic design must accompany a thorough fluid mechanics
analysis. It can serve as a pump, a valve, a mixer, or a combination of all these elements.
However, regardless of its design intent, study of the tentative flow field and the stresses it
imposes to the device elements can help reduce the number of iterations and achieve the
optimized design parameters faster.
In terms of fabrication techniques, traditional photolithography methods have been used for
decades [49]. Although the recent entrance of high-resolution 3D printers and 2-photon
lithography machines demonstrate their applicability to the realization of microfluidic devices,
their development is in its infancy due to the limited resolution and/or scalability [50-53].

2.2. Device Design
2.2.1. Design Steps
The design evolution toward the one with acceptable efficiency went through multiple design
reiterations. The multi depth for microfluidic features were initially fabricated by designing the
deeper channels on both top and bottom sides of the closed device, while the observation
chamber was only fabricated on one side. This procedure was followed for the initial
generations of the fabricated devices. The two sides of the device for 1st generation are shown
in figure 2.1. As shown in this figure, channels and observation chamber used to be fabricated
on the top side while the bottom side only had the inlet and outlet channels and the microwells.
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Figure 2.1: Top and bottom sides of the first generation of our fabricated devices
The four microwells, that were fabricated and located inside the observation chamber, are
mechanical traps for the droplet. Therefore, the method used for droplet trapping is pure
mechanical using the geometry of the device. This trapping technique is described in detail in
chapter 4 of this dissertation.
Several different designs of the observation chamber were built and tested. The observation
chamber in the 1st generation of the devices was circular with the diameter of 1 cm. It was
proven that this design does not guarantee that droplets precisely fall into the traps. Therefore,
the 2nd generation of the devices were designed to compensate this issue. In the 2nd generation,
which is shown in figure 2.2-b, the observation area consisted of four small chambers over
each microwell which were connected to one another through a network of channels with two
different widths and hence two different hydrodynamic resistances. First droplet was designed
to go through the lower-resistance channel toward the first trap and block that channel once it
was trapped. Then, the next droplet had to go through the narrower channel (bypass channel)
toward the second trap, and so on.

12

The problems with the 2nd generation of the devices included unwanted generation of plugs
instead of droplets and blocking the channels in undesired random locations. The 3rd generation
of the devices were designed and fabricated in order to prevent the droplets from clogging the
channels in undesired locations. To achieve this goal, the width of the main channels was
increased to the diameter of the chambers and oval shaped channels were fabricated as is shown
in figure 2.2-c. Although the third generation of devices showed improvement in terms of
treatment of the aforementioned problem, it revealed some new drawbacks. It was observed
during the experiments that droplets tend to flow very close to the inner side of the channels
during sharp turns, hence skipping the traps. The bypass channels also worked with the
efficiency below 50% in the second and third generation of devices and did not seem to be an
effective way to direct the droplets with the current configuration.
Therefore, all four traps and the corresponding observation chambers where aligned on a
straight line in the 4th generation. The inlet and outlet to each observation chamber was also
designed in a way to induce flow circulation inside each chamber to enhance trap probability
(figure 2.2-d). Main to bypass ratio of hydrodynamic resistances was also calculated for the 4th
generation of the devices to increase the precision and the efficiency of the bypass channels.
Two different diameters of microwells (100 and 200 μm), and three different widths for bypass
channels (100, 200, and 300 μm) were considered and tested in order to achieve the most
efficient configuration. In this design, an orifice was added to the junction in the droplet
generation station and the flow-focusing method was used to increase the controllability over
the size and frequency of the generated droplets. Three different orifice sizes (50, 100, and 200
μm) were considered in the 4th generation of the devices.
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Figure 2.2: Evolution of different generations of fabricated droplet-based microfluidic
devices for acceptable efficiency of monodisperse nanodroplet generation using flowfocusing technique and trapping using microwells
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According to our observations, bypass channels in these configurations tend to break up the
droplets. Due to this fact, monodispersity of generated droplets was compromised to some
extent. Finding this drawback and considering that bypass channels never worked efficiently
enough in any of the proposed configurations, the 5th generation of the devices were fabricated
without any bypass channel. The goal was justified to produce and trap smaller pancake-shaped
droplets so that the other ones can just flow around the trapped droplet toward the next
microwell without need to bypass channels (figure 2.2-e).
2.2.2. Device Designs for Controlled Coalescence and Mixing
At this point the design of the devices were considered optimum for droplet generation and
trapping. The 6th generation of the devices were designed and fabricated (as shown in figure
2.2-f) with the same design as generation 5 for droplet generation and trapping but with only
having one trap instead of four. This design was justified for the next phase of the work, i.e.
study of passive coalescence and mixing of the droplet pairs. To incorporate droplets of two
different reagents for mixing experiments, two separate droplet generation stations were
incorporated in the design sharing a single oil input. Figure 2.3 depicts the details of our
microfluidic device and schematically shows how the microwell could trap the droplets.

Figure 2.3: (a) Schematic of the device with dimensions, (b) Illustration of droplet trapped by
the microwell, (c) Fabricated microfluidic device
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The circular chamber around the trap was designed to induce circulation in the flow pattern,
reduce the mean flow velocity component along the channel, and increase the trap efficiency.
In order to satisfy the need for keeping the droplets stationary and minimizing the effect of
convective and viscous shear effects to increase the accuracy of the passive coalescence and
mixing experiments we needed to enhance the trapping feature of the device. After precise
theoretical parametric study on trapping of squeezed droplets using microwells (which is
described in detail in chapter 4), the last generation of our devices were designed and fabricated
specifically to hold the droplets in place for electrocoalescence and mixing experiments (figure
2.2-g). In this design, the mean flow from the observation chamber to the outlet is distributed
to six different directions to reduce the directional mean flow magnitude and keep the droplets
in place throughout the entire experiment. The magnified schematic of the observation chamber
in this design is shown in figure 2.4 to show how the flow pattern is distributed to several
directions to enhance droplet trap efficiency.

Figure 2.4: predicted flow field of the continuous phase through the observation chamber for
last generation of the devices. The divergence of oil to separate outlet channels in different
directions reduces the net directional shear flow imposed on the trapped droplet from the oil.
This results in increasing the trap efficiency.
2.3.Device Fabrication
Channels were fabricated using multilevel photolithography process on the photoresist SU82050 (Microchem Corp.) followed by PDMS master molding and enclosed by an ITO (IndiumTin oxide)-coated glass slide. SU8-2050 as a viscous negative photoresist was spin coated on
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Silicon substrate in two steps at 500 rpm and 1500 rpm to achieve a uniform layer of photoresist
with the thickness of 80 μm (figure 2.5-b). After soft baking on hot plate for 15 and 30 minutes
at 65 and 95 °C, respectively, the substrate was then exposed to UV light through a dark-field
film mask for 41 secs using EVG-620 mask aligner. A two-step post-exposure bake was
performed at 65 and 95 °C for 2 and 25 minutes, respectively, to remove the remaining solvent
and completely solidify the photoresist (figure 2.5-c). The process was repeated by spin
coating, soft baking, UV exposure, and hard baking of another layer of SU8-2050 photoresist
on top of the first one using the same recipe (figure 2.5-d and e). The UV exposure of the
second layer involved aligning the features on mask number 2 with the polymerized features
on the first layer. After cross-linking the features on the second layer, Propylene glycol
monomethyl ether acetate in concentrated form was used to develop the mold and pattern the
design on photoresist layer (Figure 2.5-f). Developing process took 2 to 5 minutes and
completion was examined by observing sharp lines of features under the microscope.
A 10:1 mixture of Dow Corning Sylgard 184 silicone elastomer (Ellsworth Adhesives) was
prepared and gently poured over the patterned substrates. They were solidified at 65 and 95 °C
for 30 minutes and 2 hours, respectively, to reflect the patterns on PDMS (figure 2.5-g). Finally,
the featured PDMS layer was demolded and the inlet and outlet ports were punched on it using
steel microtubes (figure 2.5-h).
This multilevel photolithography technique was used for fabrication of the last three
generations of the devices. For the earlier generations mask one and two were fabricated on
two separate PDMS layers and the two layers were aligned and bonded together after peeling
off.
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Figure 2.5: Fabrication steps of the droplet-based microfluidic device for generation,
trapping, and passive and active coalescence and mixing of nanodroplets
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One of the advantages of the multilevel technique over two single layers is the significant
increase in the alignment procedure between layers 1 and 2. In the multilevel photolithography
process, the alignment was done by the mask aligner with less than a micron precision while
with two single layers of PDMS channels, the alignment had to be done manually under the
microscope with considerable amount of uncertainty. The other advantage of fabricating all
layers of the feature on a single layer of PDMS is the freedom it provides for choosing the
bottom layer of the device. This advantage is more highlighted when we need to embed
electrodes on the bottom of the device for applying electric field.
In order to apply electric field around the generated droplets, microelectrodes were needed to
be embedded inside the microfluidic device. The microelectrodes were fabricated on 1 mmthick Borosilicate glass slides with 185 nm-thick Indium-Tin oxide (ITO) layer deposited on
them. One to one volume ratio of hydrochloric and nitric acids was used for etching and
patterning of ITO on the ITO-glass slides. Traditional photolithography was employed on a
positive photoresist (Shipley S1813) spin coated (at 2000 rpm for 30 seconds) on the
conductive side of the glass slides (figure 2.5-j). The PR-spin coated samples went through 3
minutes of soft baking at 105˚C followed by 8.8 seconds of UV-exposure with EVG 620 (figure
2.5-k). The PR was developed in CD-26 for one minute and thirty seconds and hard baked for
12 minutes at 125˚C (figure 2.5-l). A freshly mixed etchant solution (of hydrochloric and nitric
acids) took less than 2 minutes to completely etch the exposed parts of ITO (figure 2.5-m). It
was noted that time depleted the effectiveness of the etchant mixture and degraded its strength,
therefore, using a freshly mixed etchant is recommended for this process.
For the initial generations of our devices vertical electric field was aimed to produce. Hence,
only one of the electrodes was embedded on the bottom while an ITO-coated Polyethylene
terephthalate (PET) substrate was glued to the top to work as the counter electrode. However,
19

for the electric field to be transferred from the ITO electrodes to inside the channels to affect
the droplets, the electrodes should be in proximity of the droplets and the insulator between
them cannot be too thick. Therefore, using embedded microelectrodes to conduct an electric
field inside the channels was not possible for the earlier generation of our devices where the
channels were patterned on two separate layers of PDMS.
Since the dispersed phase under study was electrolyte (aqueous glycerol mixtures), an insulator
layer (however thin) was needed between the embedded electrodes and the liquids in the
channel to prevent electrolysis. Several materials were considered for this purpose from
primitive ones like scotch tape to traditional chemicals like parylene and photoresists, however,
spin coated PDMS was found the most convenient and efficient choice. The advantages of spin
coating PDMS on patterned ITO-glass are its transparency, and great bonding strength to the
PDMS channels. 20 µm of thickness was achieved by spin coating 10:1 ratio PDMS at 1000
rpm on the ITO-patterned glass slide (figure 2.5-n). The PDMS channels were permanently
bonded to the PDMS coated patterned ITO-glass slide by treating both sides by oxygen plasma
using corona treatment (figure 2.5-o). Other bonding methods can also be found in the literature
for different types of substrates [54, 55].

2.4. Summary
In this work, a multilevel photolithography method on SU8-2050 and PDMS molding were
used to fabricate the microfluidic channels, and wet etching was utilized on ITO-coated glass
slides for fabrication of microelectrode arrays. Several iterations of devices were designed and
fabricated to achieve the optimum device design for the generation, trapping, coalescence, and
mixing of the nanodroplets. Flow-focusing method with various sizes of orifices were used for
droplet generation. Two-level channels and microwells inside the observation chamber were
designed according to the droplet trapping method in use. The droplet trapping location was
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designed to be located in between the ITO embedded electrodes. Experiments resulted in
divergence of the squeezed droplets if there is a sudden increase in the entrance of the channel
to the observation chamber. Therefore, chambers are designed as circles with diameters twice
the width of the channels. Bypass channels were removed from the later generations of the
devices since they showed to be inefficient. To increase the trap efficiency, inlet and outlet
channels to the observation chamber were designed to divert the mean flow and create
circulations in order to reduce the magnitude of the mean flow velocity in the x-direction.
Initially, the features were designed to be fabricated on both top and bottom sides but,
eventually the devices were evolved to multilevel feature on top side due to the flexibility it
provided in terms of adding the electrical elements specially since multilevel photolithography
was found convenient.
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CHAPTER 3: GENRATION OF NANODROPLETS USING FLOW FOCUSING
METHOD

3.1. Introduction
“Emulsion is a metastable state that degrades with time by coalescence and Ostwald ripening”
[23], but it is possible to achieve uniform droplet streams with homogeneous rate of generation
by controlling the conditions. Three groups of methods are reported for droplet generation in
microchannels namely co-flow, cross-flow, and flow-focusing approaches [1, 2, 13, 40], from
which flow-focusing method was used here. Size, polydispersity, and frequency of generation
of the droplets are dependent on various dimensions in the design depending on the method in
use. A parametric study on droplet generation is presented in this chapter and the effects of
different contributing factors, i.e. flow rate, viscosity and surface tension are discussed.

3.2. Droplet Generation: A Parametric Argument
Based on the magnitude of the capillary number, droplet generation may fall into squeezing,
dripping, or jetting regimes, and the dispersed phase might form either a finger or a jet at the
junction. The frequency of droplet generation increases, and the size of the generated droplets
decreases as the system transitions from squeezing to dripping regime, while the product in the
jetting regime is a continuous thinning jet. There is competition between two factors: viscous
stresses between the phases, and capillary pressure within the dispersed phase. The former
deforms the interface and forms the droplets, while the latter resist this deformation. This
challenge between the surface forces leads to a phenomenon known as Rayleigh-Plateau
instability. It continues until finally the growing droplet obstructs the junction, increases the
upstream pressure and pinches off to form a droplet [13]. The critical capillary number to
transition from squeezing to dripping regime is reported to be 𝐶𝑎∗ ≈ 0.015 and the droplet
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volume tends to decrease faster by increasing capillary number in the dripping region rather
than squeezing region.
Droplet generation specifications in a channel are dependent on the capillary number, along
with the continuous-dispersed flow rate and channel width ratios [56]. The non-dimensional
droplet length, droplet volume (per unit depth), and frequency of droplet generation are
formulated as,
𝛬
𝐿̅ ≅ 𝑏̅ + 𝑏̅ 𝜁

(3.1)

̅= 𝐿̅𝑏̅ ≅ 𝑏̅ 2 + 𝛬. 𝜁
⩝

(3.2)

𝑓 ̅ = 𝑓. 𝑡𝑐𝑎𝑝 ≅

𝐶𝑎.𝜁
̅
⩝

(3.3)

In this formulation the normalized parameters are defined as,
𝐿̅ =

𝐿
𝑤𝑐

Λ=

𝑤𝑑
𝑤𝑐

𝑏̅ =

𝑏
𝑤𝑐

𝜁=

𝑄𝑑
𝑄𝑐

and tcap, the capillary breakup time is,
𝑡𝑐𝑎𝑝 =

𝜇𝑐 𝑤𝑐

(3.4)

𝛾

In these equations, wd and wc are dispersed and continuous channels widths, b is the droplet
width at the onset of pinch off and L is the droplet length, Qd and Qc are dispersed and
continuous flow rates, and μd and μc are viscosities of the dispersed and continuous phase. The
length of the generated droplets is defined in similar form in other literature. According to [39]
the droplet length in the squeezing regime is linearly proportional to the flow rate ratio.
𝐿̅ = 𝑐1 𝜁 + 𝑐2

(3.5)

𝑐1 and 𝑐2 in this equation are fitting parameters and of the order unity. This equation is
presented in a similar form in [1] as,
𝐿̅ = 𝑐1 𝜁 + 1

(3.6)
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According to this reference, the value of 𝑐2 depends solely on the geometry of the channels and
is to be determined experimentally. Being able to estimate the size of the generated droplets,
one could design a microfluidic chip for the purpose of efficient monodispersed generation of
nanodroplets.
Here, droplets of glycerol/PBS mixtures with different concentrations were generated inside
oleic acid using flow-focusing method with different sizes of the orifice and were trapped by
the microwells located along the observation chamber. The effect of different contributing
factors such as flow rates, flow rate ratio, viscosity ratio, and surface tension of the phases on
droplet generation were analyzed. The ranges of flowrates, flowrate ratios, and viscosity ratios
that were studied in this work are listed in table 3.1.
Table 3.1: The range of droplet generation parameters covered in this study
Parameter

Symbol

Dispersed Flowrate

𝑄𝑑

Continuous Flowrate

𝑄𝑐

Total Flowrate
Flowrate Ratio
Viscosity Ratio

𝑄𝑡𝑜𝑡
𝑄𝑑
𝑄𝑐
𝜇𝑑
𝜅=
𝜇𝑐

𝜁=

Unit

Minimum Maximum
Value
Value

𝜇𝐿
ℎ𝑟
𝜇𝐿
ℎ𝑟
𝜇𝐿
ℎ𝑟

5

60

10

120

30

150

-

0.07

1.8

-

0

10

The size of the generated droplets in diameter ranged from 100 to 250 µm in diameter and
consequently from 0 to 20 nL in volume. The frequency of droplet generation in the
experiments varied between 1 and 30 Hz. Polydispersity (that is defined as standard deviation
of droplet size distribution over the mean droplet size [13]) was observed to be negligible in
our devices. It was observed that the size of droplets decreases by increasing the net flow rate
or flow rate ratio. The same result was achieved when the viscosity of the dispersed phase was
decreased by reducing the concentration of glycerol in the mixture. The fact that droplets of
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viscosity ratios of up to about 50 could be generated with our configuration simply by
increasing the concentration of glycerol is a unique achievement because it has been assumed
that droplet generation for viscosity ratios more than one is challenging.
There are different factors that affect droplet generation such as continuous and dispersed flow
rates and their ratio, viscosity ratio of the phases, interfacial tension between the phases, and
wettability of channel walls. These factors are listed below and the role of some of these factors
in the process of droplet generation is described in detail in the following sections.

3.3.Flow Rate Effect on Droplet Size and Droplet Generation Frequency
In any droplet generation system two separate flow rates are defined, one for the continuous
phase, Qc, and the other one for the dispersed phase, Qd. These flow rates are typically of the
order of tens of μL/hr and are limited by the bonding strength of the microdevices. According
to the range of continuous flow rates provided in table 3.1, migration velocity of squeezed
droplets was of the order of magnitude of 1 mm/s. Based on the channel dimensions for our
experiment, capillary numbers for continuous (oleic acid) and dispersed (PBS) phases, Cac and
Cad, were in the following range:
10−5 < 𝐶𝑎𝑐 < 10−3

𝑎𝑛𝑑

10−7 < 𝐶𝑎𝑑 < 10−2

Since glycerol could be mixed with PBS at any given concentration and increase its viscosity
by 1590 times, droplet capillary number could be raised to around 10-2. Therefore, the
experiments in this work were conducted in the squeezing regime as is shown with a box in
figure 3.1 borrowed from [39].
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Figure 3.1: Different regimes of droplet generation depending on the Ca numbers.
(Reproduced with permission from [39])
We conducted a series of experiments to study the effect of dispersed, continuous, and total
flow rates as well as flow rate ratio on droplet size and droplet generation frequency. We used
flow-focusing method with the size of the orifice at the junction being 50 µm. The results
shown in figure 3.2, indicated that droplet size is quite independent from dispersed flow rate,
Qd, while decreases by increasing the continuous flow rate.
Droplet generation frequency increased by increasing either dispersed or continuous flow rate
while its dependency on Qd was stronger (figure 3.3). There did not seem to be a very clear
relationship between polydispersity and the flow rates.
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Figure 3.2: Effect of continuous, dispersed, and total flowrates, Qc, Qd, Qtot, respectively, and
flowrate ratio, ζ, on droplet diameter, Dd
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Figure 3.3: Effect of continuous, dispersed, and total flowrates, Qc, Qd, Qtot, respectively, and
flowrate ratio, ζ, on droplet Generation Frequency, f
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3.4. Surface Tension Effect on Droplet Size and Droplet Generation Frequency
Surface tension is defined as force per unit length pulling any imaginary line on the interface
to the sides. It appears in form of tension at the interface between the phases, which minimizes
the interfacial area to reduce the surface energy at equilibrium. Bristles of a wet brush sticking
together is an example of surface tension action, the phenomenon which cannot be seen in a
dry brush or even when the brush is immersed in water since there is no liquid/liquid interface
in those cases [57].
The effect of surface (or interfacial) tension on the droplets size can be justified by the YoungLaplace equation which relates the interfacial tension of a liquid pair to the equilibrium radii
of curvature of the emulsions and their Laplace pressure. It can be expressed in equation (3.7)
for a spherical droplet.
∆𝑝 =

2𝛾

(3.7)

𝑅

It was observed in this work that in a liquid-liquid two-phase closed medium such as dropletbased microfluidics, the phase with higher surface tension becomes dispersed and the other
surrounds it as a continuous phase. Since surface tension can be interpreted as inward balance
of molecular adsorptions, the liquid with higher surface tension tends to decrease its interface
with the other phase, hence breaks into droplets. A list of liquids that have more commonly
been used in literature for droplet-based microfluidic systems are gathered in table 3.2 with
their corresponding surface tension.
Surface tensions of PBS and glycerol that were chosen for droplet phase in this work are very
close to the surface tension of water. Oleic acid on the other hand has a lower surface tension,
which makes it a suitable choice for the continuous phase.
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Table 3.2: Surface tension of a list of selected liquids candidate for droplet-based
microfluidics
Liquid

Surface Tension (mN/m)

Water

72.8

Phosphate Buffered Saline (PBS)

69.5

Glycerol

64.0

Blood

58.0

Silicone Oil

40.0

Oleic Acid

32.5

Hexadecane

27.4

FC-70

18.0

HFE (Novec) 7500

16.2

FC-40

16.0

FC-43

16.0

Additional to choosing appropriate liquid pair for successful generation of monodispersed
droplet streams with the desired size and frequency, some techniques such as adding surfactants
and surface modification of the channel walls (which are described in detail in appendix 1) are
also reported to affect droplet size and frequency.

3.5.Viscosity Effect on Droplet Size and Droplet Generation Frequency
In the process of pinching off the dispersed phase into droplets, two major factors
accommodate: interfacial tension, and viscous stresses between the phases. Therefore, viscosity
of phases and their ratio is very decisive about the specifics of the continuous and dispersed
phases and the size of the generated droplets. In most of the published researches droplets of a
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polar liquid in a non-polar carrier fluid have been the case of study [58-65]. Some of the liquid
pairs used in the literature for droplet-based microfluidic applications are listed in table 3.3.
Table 3.3: Viscosity and viscosity ration of a selected pair of liquids found to be used for
droplet-based microfluidics
Continuous Phase

Dispersed Phase

μc (cP)

μd (cP)

λ

Ref.

FC-40

Water

4.1

0.89

0.22

[45, 58]

FC-70

Water

24

0.89

0.04

[45]

Mineral Oil

PBS

30

1.05

0.03

[59]

Hexadecane

Water

2.38

0.89

0.37

[60]

HFE 7500*

PBS

1.24

1.05

0.85

[61]

Silicone Oil

50% wt Glycerol

9.5

165

17.37

[62]

Water

Hexadecane

0.89

2.38

2.67

[63]

HFE 7500

Water

1.24

0.89

0.72

[64]

Oleic Acid

DI Water

27.64

0.89

0.03

[65]

* HFE 7500 or Novec is not suggested to be used since it is a hazardous material.

We chose the dyed mixture of phosphate-buffered-saline (PBS) and glycerol with different
concentrations as the dispersed phase. The reason behind this selection is the difference
between the viscosity of PBS and glycerol which can lead to wide range of viscosities from
0.89 to 1412 cP (for 0 to 100% glycerol) for the dispersed phase. The continuous phase was
chosen to be oleic acid, which is an odorless, colorless, non-hazardous oil. The following
equation has been used to calculate the kinematic viscosity of the PBS-glycerol mixture,
1/3

𝜐1/3 = 𝑥𝑎 𝜐𝑎

1/3

+ 𝑥𝑏 𝜐𝑏

(3.8)

where xa and xb are mass fractions, and υa and υb are kinematic viscosities. This equation can
be rearranged to calculate dynamic viscosity as,
1

2

1/3

1/3 3

𝜇 = [1+(𝑟−1)𝑣] [(1 − 𝑣) 𝜇𝑎 + 𝑣 𝑟 2/3 𝜇𝑏 ]
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(3.9)

𝜌

where 𝑟 = 𝜌𝑏 and 𝑣 =

∀𝑏

𝑎

∀

are density and volume ratios, respectively. The effect of viscosity

ratio on droplet size was assessed by generating droplets of PBS/glycerol in oleic acid with
various viscosity ratios.
Droplet size increased eventually when we used concentrated glycerol as the dispersed phase.
This can be due to faster damping of Rayleigh-Plateau instability because of high viscosity of
the dispersed phase. Increasing the viscosity ratio also helped preventing the droplets from
merging each other.
As is noticed, the droplet generation contributing factors that were examined in this chapter are
all parts of a more general variable, the capillary number. Therefore, in a more meaningful
representation of the droplet generation characterization, the droplet size and frequency of their
generation is tied to their capillary number in figure 3.4.
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Figure 3.4: Generated droplets diameter and their generation frequency versus the total
capillary number
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The general rule that can be withdrawn from this figure is that increasing the total capillary
number decreases the size of the droplets and increases their frequency of generation and the
behavior can be fitted linearly with acceptable accuracy.

3.6.Summary
Three regimes of droplet generation, i.e. squeezing, dripping, and jetting, depending on the
continuous and dispersed capillary numbers are described in this chapter. According to the
ranges of capillary numbers in this work, generation of streams of monodispersed nanodroplets
with diameters from 100 µm to 500 µm were realized in the squeezing regime. Flow-focusing
droplet generation method was used here due to better controllability and precision than the
cross-flow method and easier fabrication and implementation compared to the co-flow method.
A parametric theoretical analysis was presented in this chapter which relates the size and
frequency of the generated droplets to device dimensions and the liquid pair physical
properties. According to this study, continuous and dispersed flow rates, surface tensions, and
viscosities of the liquid pair are the main contributing factors on the size and frequency of the
generated droplets. This correlation can be shown in terms of nondimensional parameters such
as, flow rate ratio and the capillary number.
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CHAPTER 4: PASSIVE TRAPPING OF SQUEEZED NANODROPLETS USING
MICROWELLS

4.1. Introduction
One of the main factors in the controlled manipulation of micro and nanobubble in digital
microfluidic systems for chemical and biological experiments is their on-demand trapping in
desired locations in the chip for certain durations. In order to study droplet coalescence and
mixing (the ultimate goal of this work), it is beneficial and accurate to minimize other affecting
parameters such as convective shear flows and viscous shear stresses exerted by the channel
walls. Droplet trapping techniques are appropriate tools to achieve this goal. Droplets are
shown to be trapped by defining special shapes of geometrical confinements and obstacles
inside microchannels. Traps can be fabricated as cages located on the sides of the main channel
[42] or tweezer-shaped anchors located inside the channel [8, 43]. Another possible way to trap
droplets is to fabricate microwells on the top or the bottom sides of the channels [44-46]. The
latter technique was used in this work and a parametric analysis has been presented to analyze
the trap efficiency in this chapter.

4.2. Droplet Trapping: Confined Droplets and Energy Minimization Argument
One form of energy that is always associated with a droplet is the surface energy due to the
interfacial tension between the droplet and its surrounding liquid which keeps the droplet in
stable equilibrium shape. Surface energy of a droplet with uniform interfacial tension, γ, is
correlated with its surface area, A.
𝐸𝑠 = 𝛾𝐴

(4.1)

Thus, decreasing the surface area of a droplet (with constant volume) reduces its surface
energy. Due to the tendency of droplets toward reducing their total energy, a microfluidic
droplet trapping concept has been introduced based on reduction of surface energy using
34

microwells as traps. Surface area and consequently the surface energy of three different shapes
of a droplet with a spherical radius of Rd are compared against each other in this section. Rs
denotes the radius of the droplet when it is squeezed in a channel of depth h (figure 4.1-b). The
radius of this droplet reduces to Rts when it is trapped by a microwell of the radius Rw (figure
4.1-c).

Figure 4.1: Schematic of different shapes of droplets: spherical, squeezed, and trappedsqueezed for energy minimization analysis
It was concluded from the experiments that the aqueous droplets confined by PDMS walls have
contact angles higher than 90°, as can be seen in figure 4.1. The volume of the ring around the
squeezed droplet is negligible compared to the volume of the squeezed droplet itself, and any
contact angle greater than 90° further increases the surface area and surface energy of the
droplet. Considering these two facts and without loss of generality, the contact angle can be
assumed as 90° for the surface energy analysis between the spherical and squeezed droplets
(figure 4.1-b and c). With this assumption, the normalized surface area of the squeezed droplet
relative to that of the spherical droplet becomes a function of the normalized channel depth,
ℎ

𝛽 = 𝑅 . This function which is formulated in equation (4.2), is always positive, meaning that
𝑑

for any value of the channels depth that confines the droplet, the surface area and hence the
surface energy of a squeezed droplet is greater than that of a spherical one. It should be noted
that β is constrained to be less than 2.0 so that the droplet squeezes when it enters the channel.
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∆𝐸𝑠𝑠 =

𝐸𝑠𝑠 −𝐸𝑠𝑑
𝐸𝑠𝑠

=1−

3𝛽

(4.2)

2+√3𝛽3

Figure 4.2: Normalized surface energy difference between two states of a droplet, spherical
and squeezed in a channel with normalized depth β
Since the convex part of the squeezed droplet is neglected in the calculations, the accuracy of
the graph in Figure 4.2 and formula reduces as β approaches 2.0, although it is still of acceptable
accuracy for β less than 0.5.
In the comparison between the surface energy (surface area) of a squeezed droplet (figure 4.1b) and a trapped squeezed droplet (figure 4.1-c), an expression is achieved for the normalized
change of surface energy, which is ultimately a function of the normalized channel depth, β,
the normalized trap radius, ω, and the contact angle, θ.
∆𝐸𝑠𝑡 =

𝐸𝑠𝑠 −𝐸𝑠𝑡
𝐸𝑠𝑠

=

𝐴𝑠 −𝐴𝑠𝑡
𝐴𝑠

=

3𝛽
4+2√3𝛽 3

[(𝛼𝛽 + 𝛼 2 ) − (𝜉𝛽 + 𝜉 2 ) − 𝜔𝛽𝑡 ]

( 4.3)

In this equation, α, the normalized radius of the squeezed droplet, ξ, the normalized radius of
the trapped squeezed droplet, and βt, the normalized equivalent thickness of the droplet that
occupies the trap are calculated based on conservation of volume of the droplet and are
formulated as,
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𝛼=

2

(4.4)

√3𝛽
4

𝜉 = √3 − 𝜔 2

𝛽𝑡

(4.5)

𝛽

1

𝛽𝑡 = 6 𝜔𝜂[3 + 𝜂2 ]

(4.6)

where, 𝜂 = (𝑠𝑖𝑛𝜃 − 1)/𝑐𝑜𝑠𝜃 is a function of the squeezed droplet contact angle with respect
to the channel walls. If the 90˚ contact angle assumption is considered for this part of the
analysis as well,  approaches zero and the last term in equation (4.3) vanishes.
Direct search was performed for the optimum parameters to maximize equation (4.3). The
search range and minimum step size for each parameter is listed in table 4.1.
Table 4.1: Specifications of the direct search for finding the optimum design parameter that
maximize trapping efficiency
Minimum Step
Design Parameter

Search Range
Size

Normalized Channel Depth, β

(0, 2]

0.001

Normalized Trap Radius, ω

(0, 2/√3𝛽]

0.001

Contact Angle, θ

[90°, 180°]

0.01°

The change in surface energy of each configuration of a droplet versus another is normalized
by its surface energy when it is squeezed, i.e. 𝐸𝑠𝑠 , since it has the highest surface energy in that
configuration. Therefore, the normalized surface energies always stay below one, which led to
the definition of the trap efficiency in percentile here as 100 × ∆𝐸𝑠𝑡 . Figure 4.3 demonstrates
the changes in the trap efficiency by varying the design parameters. This study helps to choose
the optimum operating point that leads to the maximum trap efficiency.
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Figure 4.3: Change of trap efficiency of squeezed droplets is demonstrated in this figure with
respect to normalized channel depth, β, normalized trap radius, ω, and contact angle, θ. The
contact angle is fixed at 90˚, 120˚, and 150˚ in figures (a), (b), and (c), respectively. The fixed
parameter is β with values of 0.25, 0.5, and 0.75 in figures (d), (e), and (f), respectively. The
brighter region indicates the higher efficiency.
4.3. Summary
The direct search within the defined ranges of parameters, as is demonstrated in figure 4.3,
results in the following conclusions. The trap efficiency has the strongest dependency on
normalized channel depth (β), which means that its value monotonically increases by reducing
β, regardless of the other two variables, normalized trap radius (ω) and droplet contact angle
(θ). The growth of the trap efficiency with ω and θ is monotonic as well. This can also be
observed in figure 4.3. Therefore, equation (4.3) (and consequently the trap efficiency) obtains
its maximum value at the domain boundary where ω and θ are maximum and β is minimum.
Reducing β further than a certain point causes channel blockage by holding the droplets at the
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step, therefore this parameter has been chosen here just small enough to deliver an acceptable
trap efficiency without blocking the channel.
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CHAPTER 5: PASSIVE COALESCENCE OF NANODROPLETS

5.1. Introduction
The roadmap to accurate analysis of any fluid mechanics systems starts with the definition of
a theoretical framework. In micro and nanofluidics specifically, due to small scales, a precise
theoretical analysis is more crucial since a slightest miscalculation can throw off the entire
analysis and introduce considerable uncertainty into the results. In this chapter, a theoretical
framework is built for the analysis of two-phase flow based on a phase-field method.
In section 5.3, a phase-field based lattice Boltzmann method is used to simulate passive
coalescence of a droplet pair in two dimensions. A D2Q9 model is used along with collisionstreaming scheme for this numerical simulation. Periodic boundary conditions are
implemented in all the test cases for the free boundaries. The flow variables used in this
simulation are nondimensional. The simulations start with the validation of the developed
numerical software by solving two benchmark problems, i.e. stability of a quiescent single
droplet, and the problem of random emulsions. Then, the passive coalescence between two
circular equally sized quiescent droplets in the vicinity of each other is simulated and the
corresponding flow field in and around the coalescing droplets is captured. Also, the critical
gap between the droplets for successful initiation of passive coalescence has been calculated.
Finally, the chapter concludes by experimental demonstration of passive coalescence of a
trapped squeezed glycerol nanodroplets in snapshots within one second time frame.

5.2.Theoretical Framework: Two-phase Flow
Flow pattern inside and around a droplet dispersed in a continuous immiscible phase, is
governed by the continuity and Navier-Stokes equations,
𝛻. 𝜌𝑉 = 0

(5.1)
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𝒟𝜌𝑉
𝒟𝑡

= −𝛻𝑝 + 𝛻. 𝑇ℎ + 𝐹

(5.2)

Where, 𝑇ℎ is the hydrodynamic shear stress tensor. However, in a multiphase medium, this
system of equations is coupled with the Allen-Cahn equation which determines the updated
interface of phases at each moment [66].
𝒟𝜑
𝒟𝑡

= 𝛻. [𝑀(𝛻𝜑 − 𝜆𝑛̂)]

(5.3)

In this equation, φ is the phase-field variable which ranges from zero to one, M is the molecular
mobility, 𝜆 =

4𝜑(1−𝜑)
𝑊

, and W is the interface thickness. In the phase-field approach, the force

term in the Navier-Stokes equation is broken down to the surface interfacial force, 𝐹𝑠 , and the
summation of the rest of the possible body forces, 𝐺, as,
𝐹 = 𝐹𝑠 + 𝐺

(5.4)

The surface interfacial force, 𝐹𝑠 , is formulated in many different forms, however, the form used
by Liang et al. [66] is used here, where,
𝐹𝑠 = 𝜇𝜑 ∇𝜑

(5.5)

In this equation, 𝜇𝜑 is the chemical potential which is a function of the phase-field variable, φ.
𝜇𝜑 = 4𝜉𝜑(𝜑 − 1)(𝜑 − 0.5) − 𝜍∇2 𝜑
𝜉=

12𝛾
𝑊

( 5.6)

3

and 𝜍 = 2 𝛾𝑊 are physical parameters dependent on the interfacial tension, γ, the

defined surface thickness, W.
Two cases are considered in this section; the first being the quiescent flow with zero mean
velocity and the second with a nonzero flow rate. In the absence of the mean flow velocity
when the only important factors are viscosity and interfacial tension, it is conventional to define
the reference velocity as the surface tension-induced shear velocity:
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𝛾

𝑉0 = 𝜇

(5.7)

On the other hand, the mean flow velocity becomes the reference velocity if its value is nonzero
and greater than the surface tension-induced shear velocity. Therefore, reference variables are
defined for space, velocity, pressure, and time for normalizing the governing equations.

𝑉0 =

𝑟0 = 𝐷𝑑

𝛾
𝜇

𝑝0 =

𝜇𝑉0
𝛾
=
𝑟0
𝐷𝑑

𝑡0 =

𝑟0 𝜇𝐷𝑑
=
𝑉0
𝛾

Considering incompressibility and constancy of the viscosity, the governing equations are
therefore nondimensionalized using the reference parameters and take the following form.
𝛻. 𝑉 = 0

(5.8)

𝒟𝑉
𝑅𝑒𝑑 ( 𝒟𝑡 ) = −𝛻𝑝 + 𝛻 2 𝑉 + 𝐹̅𝑠 + 𝐺̅

(5.9)

𝒟𝜑
𝒟𝑡

1
= 𝑃𝑒 𝛻. [𝛻𝜑 − 𝜆̅𝑛̂]

(5.10)

𝑑

Here, 𝐹̅ represents the additional forces in nondimensional form and is linearly correlated to
the summation of forces as,
2

2

𝑟0
𝐷
𝐹̅ = 𝛾𝐶𝑎
𝐹 = 𝛾𝑑 𝐹

(5.11)

Therefore,
1
𝐹̅𝑠 = 𝐶𝑎 𝜇̅𝜑 ∇𝜑

(5.12)

where,
𝜇̅𝜑 =

4
𝜑(𝜑
̅
𝑊

2
̅ ∇2 𝜑
− 1)(𝜑 − 0.5) − 𝑊

(5.13)

3

̅ is the nondimensional interface thickness. Also, the body forces can be
and 𝑊
nondimensionalize as,
2

𝑟0
𝐺̅ = 𝛾𝐶𝑎
𝐺

(5.14)
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Droplet Reynolds number, Red, is defined based on the reference velocity and droplet diameter
as,
𝜌𝑑 𝐷𝑑 𝑉0

𝑅𝑒𝑑 =

(5.15)

𝜇𝑑

For glycerol, it is calculated to be 2 × 10−2 which is two orders of magnitude smaller than one
and hence can make the left-hand side of equation (5.9) (The advection term) negligible in
compared to the right-hand side (Pressure and viscous forces). Moreover, the mean flow
Reynolds number, which is defined as
𝑅𝑒𝑚 =

𝜌𝑐 𝐷ℎ 𝑄

(5.16)

𝜇𝑐 𝐴𝑐ℎ

is also calculated to be 7 × 10−3 with oleic acid as the carrier fluid. Therefore, the flow inside
and around the droplet can be modeled in creeping regime as a classical stokes flow with the
following governing equations.
𝛻. 𝑉 = 0

(5.17)

𝛻𝑝 = 𝛻 2 𝑉 + 𝐹̅𝑠 + +𝐺̅

(5.18)

𝒟𝜑
𝒟𝑡

1

= 𝑃𝑒 𝛻. [𝛻𝜑 − 𝜆̅𝑛̂]

(5.10)

𝑑

5.3.Numerical Simulation
5.3.1. Discretization and Formulation
Flow field in and around of nanodroplets in closed microfluidic channels reduce the governing
equations and convert the physics to classical Stokes flow problem as long as the droplet
Reynolds number is small (i.e. Red << 1). Therefore, the vorticity-stream function method can
be used, and considering body forces to be negligible, the Navier-Stokes equations can be
reduced to Laplace equations for pressure and vorticity, and Poisson’s equation for the stream
function. A conventional numerical approach to solving this problem is the vorticity-stream
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function method. Taking the curl of equation (5.18) without consideration of the body forces
leads to
𝛻2Ω = 0

(5.19)

where Ω is vorticity and is defined as,
Ω =𝛻×𝑉

(5.20)

Now taking the divergence of equation (5.18) leads to the Laplace equation for pressure as,
𝛻2𝑝 = 0

(5.21)

Therefore, in a Stokes flow, velocity and pressure fields are decoupled from each other and can
be solved separately. In the case of a 2D problem, vorticity is defined as,
𝜕𝑣
𝜕𝑢
Ω = (𝜕𝑥 − 𝜕𝑦) 𝑘̂

(5.22)

while stream function, ψ, is related to the velocity field as,
𝜕𝜓

𝑢 = 𝜕𝑦
{
𝜕𝜓
𝑣 = − 𝜕𝑥

(5.23)

Therefore,
𝛻 2 𝜓 = −|Ω|

(5.24)

The vorticity-stream function solution procedure starts with initial conditions for the droplet
interface profile, and the vorticity and stream function values inside the droplet. The Laplace
equation is then solved for the vorticity inside the quarter droplet and the boundary conditions
for the vorticity are imposed around the edges. Having known the vorticity values at all the
nodes, the Poisson’s equation for the stream function is solved inside the domain and the stream
function boundary conditions are imposed. The velocity components for the entire domain are
then computed from the updated stream function field. Having known the velocity components
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at the droplet interface, the droplet shape is updated at each node in x and y directions. The
procedure repeats itself until the component normal to the interface of the velocity is negligible.
Although this approach seems convenient, it is rather challenging due to the complex boundary
condition implementation on the interface of the phases with changing local curvature. Another
numerical method which is more compatible with small scale fluidic physics and constantly
changing interfaces is the lattice Boltzmann method (LBM) [67].
A modification of the basic collision-streaming phase-field-based LBM was introduced in 2018
[66]. Based on this method, two sets of probability distribution functions, 𝑓𝑖 and 𝑔𝑖 , are defined
either of which are solved in a Boltzmann equation using a D2Q9 model in 2D (shown in figure
5.1).

Figure 5.1: The D2Q9 lattice model for the 2D LB method consisting of 9 directions.
The first set of the distribution functions, 𝑓𝑖 , is correlated with the phase-field variable, φ, to
solve for the shape of the distribution of the emulsions in the continuous phase, while the
second set, 𝑔𝑖 , is defined to solve for the flow field variables. The first Boltzmann equation is
defined as,
1

𝑓𝑖 (𝑟 + 𝑐𝑖 𝛥𝑡, 𝑡 + 𝛥𝑡) − 𝑓𝑖 (𝑟, 𝑡) = − 𝜏 [𝑓𝑖 (𝑟, 𝑡) − 𝑓𝑖𝑒𝑞 (𝑟, 𝑡)] + 𝛥𝑡𝐹𝑖 (𝑟, 𝑡)
𝑓

45

(5.25)

where r and t denote space and time. The relaxation time for f, 𝜏𝑓 , is a function of the molecular
diffusivity, M, as
𝑀

𝜏𝑓 = 0.5 + 𝑐 2 ∆𝑡

( 5.26)

𝑠

The equilibrium distribution function, 𝑓𝑖𝑒𝑞 , and the source term, 𝐹𝑖 , relate the droplet shape to
the velocity field as,
𝑓𝑖

𝑒𝑞

= 𝜔𝑖 𝜑 (1 +
1

𝐹𝑖 = (1 − 2𝜏 )
𝑓

⃗
⃗⃗⃗
𝑐𝑖 .𝑉
𝑐𝑠2

)

(5.27)

𝜔𝑖 𝑐𝑖 .[𝜕𝑡 (𝜑𝑉)+𝑐𝑠2 𝜆𝑛̂]

(5.28)

𝑐𝑠2

Here, 𝜔𝑖 , 𝑐𝑖 , and 𝑐𝑠 are the characteristics of the lattice, and φ is calculated from the updated
distribution functions in each time step such that,
𝜑 = ∑𝑖 𝑓𝑖

(5.29)

The second lattice Boltzmann equation is formulated as,
1

𝑔𝑖 (𝑟 + 𝑐𝑖 𝛥𝑡, 𝑡 + 𝛥𝑡) − 𝑔𝑖 (𝑟, 𝑡) = − 𝜏 [𝑔𝑖 (𝑟, 𝑡) − 𝑔𝑖𝑒𝑞 (𝑟, 𝑡)] + 𝛥𝑡𝐺𝑖 (𝑟, 𝑡)
𝑔

(5.30)

The relaxation time, 𝜏𝑔 , is a function of the local kinematic viscosity, as
𝜈

𝜏𝑔 = 0.5 + 𝑐 2 ∆𝑡

( 5.31)

𝑠

Similar to the previous equation, the equilibrium distribution functions, 𝑔𝑖𝑒𝑞 , and the force term,
𝐺𝑖 , are calculated as follows.

𝑝

𝑔𝑖𝑒𝑞

=

𝑐𝑠2
𝑝
2

{𝑐𝑠

𝑐𝑖 .𝑉

(𝜔𝑖 − 1) + 𝜌𝜔𝑖 [

(𝑐𝑖 .𝑉)

𝑠

2𝑐𝑠4

𝐺𝑖 = (1 − 2𝜏 ) 𝜔𝑖 [𝑉. 𝛻𝜌 +
𝑔

+

𝑐𝑖 .𝑉

𝜔𝑖 + 𝜌𝜔𝑖 [ 𝑐 2 +
1

𝑐𝑠2

𝑐𝑖 .𝐹
𝑐𝑠2

(𝑐𝑖 .𝑉)

2

𝑉.𝑉

− 2𝑐 2 ]

2𝑐𝑠4

𝑖=0

𝑠

(5.32)

2

+

𝑉.𝑉

− 2𝑐 2 ]

𝑖≠0

𝑠

𝑉𝛻𝜌∶ (𝑐𝑖 𝑐𝑖 −𝑐𝑠2 𝐼)
𝑐𝑠2
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]

(5.33)

As one notices, the flow field is coupled with the droplet shape through the force term since 𝐹
in Eq. (5.31) is the summation of interfacial and body forces. The flow variables are calculated
using the following equations.
1

𝑉 = 𝜌 (∑𝑖 𝑐𝑖 𝑔𝑖 + 0.5∆𝑡𝐹)
𝑝 = (𝑐 2 +𝜔
𝑠

𝑐𝑠4

0 −1)(1−𝜔0 )

𝜌[

1−𝜔0
𝑐𝑠2

(5.34)
𝑔0𝑒𝑞 + ∑𝑖≠0 𝑔𝑖 + 0.5∆𝑡𝑉 ∙ ∇𝜌]

(5.35)

The two equations are solved one after another since the updated velocity field is required to
solve for the updated droplet shape and the droplet shape decides about the surface force
distribution for calculation of flow variables. The numerical solution continues until the flow
reaches the steady state or the desired moment of time. The numerical domain is a square to all
four boundaries of which, periodic boundary condition has been applied. It consists of a
101×101 quadrilateral structured mesh and the time step is defined as (10∆𝑥)2 .
5.3.2. Solver Validation
Two benchmark problems are solved to validate the accuracy of our numerical algorithm,
namely the stationary single droplet and the random emulsions. The former verifies the
convergence of the solution and the latter proves that it converges to the correct solution and
implements the surface tension forces correctly. For the first problem, a single droplet is
initialized at the center of our domain and by maintaining its shape trough 6000 iterations as is
shown in figure 5.2, the convergence of our algorithm to the correct steady state equilibrium
condition has been tested.
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Figure 5.2: Lattice Boltzmann solver validation – Benchmark problem #1: Stability of a
single droplet over time
The second benchmark problem which is simulated here is the random emulsion problem in
which the movement of the emulsion toward the steady state condition is solely based on the
intermolecular attractions due to the interfacial tension. The evolution of emulsions with time
which is depicted in figure 5.3 proves the correct implementation of surface tension in our
lattice Boltzmann solver.
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Figure 5.3: Lattice Boltzmann solver validation – Benchmark problem #2: Random
Emulsions; passive evolution of emulsions toward steady state due to interfacial forces
5.3.3. Droplet-Pair Coalescence
To demonstrate coalescence of a pair of droplets, two glycerol droplets with nondimensional
diameters of 1.0 and a minimal gap between them are initially considered in oleic acid carrier
fluid with zero mean velocity. As is shown in figure 5.4, two adjacent droplets in a quiescent
flow can only approach and coalesce if their distance is less than or equal to twice their interface
thickness. It is consistent with the previously reported values by Zheng et al. [68] and also
Hejranfar and Ezzatneshan [69].
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Figure 5.4: Numerical determination of critical gap between the droplet pair for initiation of
passive coalescence. Interface thickness, W, is considered as 0.1Dd and the initial gap
between the droplet pair is (a) 0.1W, (b) 2W, and (c) 5W
The evolution process of merging the two droplets into one, as well as the corresponding
velocity vector field in and around them are demonstrated in nine snapshots toward equilibrium
in figure 5.5. The thin film of oil trapped between the two droplets is pushed outward as the
droplets start approaching one another by their interfacial attraction forces. This creates the
first generation of flow circulation which is responsible for initiation of coalescence and
mixing. The first set of circulations consists of four vortices symmetrically located with respect
to the droplet pair. As merging and mixing continues, the first set of vortices migrate outward
and the second generation of circulation forms inside the resultant droplet due to viscous shear
flows. Although weaker than the first generation, this set of vortices help the mixing process
to continue and complete.
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Figure 5.5: Numerical snapshots of the coalescing droplet pair with vector field showing flow
circulations
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Figure 5.6 demonstrates the dispersive decay of the Lꚙ error on φ, due to the 2nd-order accuracy
of the employed numerical method.

Figure 5.6: Numerical error log: L∞ error on ϕ with respect to the iteration number
5.4. Summary
Understanding the physics of droplet coalescence is essential in realizing successful
coalescence and mixing of chemical and biological reagents. A theoretical framework
consisting of the governing equations on the two-phase fluid flow using the phase-field
approach. Mass and momentum conservations along with the Allan-Cahn equation are
presented to solve the flow field inside the continuous and dispersed phases and update the
shape of the emulsions with time. The nondimensional numbers involved in this problem as
introduced in table 1.2 were calculated for the liquids in use and the problem was then classified
in the creeping regime and known as a classical Stokes flow problem. Based on this fact,
reference quantities were introduced for the flow variables and the governing equations were
nondimensionalized to implement in the numerical solver. A phase-field-based lattice
Boltzmann method was utilized to develop a C++-based numerical solver to simulate two52

phase flows in two dimensions. To validate this solver, two benchmark problems, namely the
stationary single circular droplet and the random emulsions, were successfully simulated. After
successful assessment of validity and accuracy of the numerical solver, the passive coalescence
of an equally sized droplet pair were studies in two dimensions and the critical gap between
the droplet pair for initiation of the coalescence was calculated and compared with the
previously published results.
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CHAPTER 6: ELECTRIC FIELD EFFECT ON SINGLE DROPLETS AND
DROPLET-PAIRS

6.1. Introduction
The active coalescence and mixing are essential operations in on-demand microchips for
chemical reactions and biological assays. Although harder to fabricate, microfluidic devices
with external stimulators provide better controllability and introduce a broad range of
applications. Among all the active methods applicable for droplet coalescence and mixing,
electrical stimulation is a contamination-free method with minimal chances of sample loss.
Theoretically, droplets are stimulated under an electric field due to the redistribution of their
charges and hence induction of local electrical potential gradient. This is formulated through
Maxwell’s electrostatic equation. Local electric forces on the ions redistributed in the flow field
lead to the emulsions deformation which can facilitate their coalescence. This phenomenon is
formulated and simulated in this chapter.

6.2. Theoretical Framework: Electrohydrodynamics
6.2.1. Governing Equations on Field Variables
The nondimensional form of the governing equations in presence of an electric field as the only
external stimulating factor is as follows.
𝛻. 𝑉 = 0

(5.8)

𝒟𝑉

𝑅𝑒𝑑 ( 𝒟𝑡 ) = −𝛻𝑝 + 𝛻 2 𝑉 + 𝐹̅𝑠 + 𝐹̅𝑒
𝒟𝜑
𝒟𝑡

(6.1)

1
= 𝑃𝑒 𝛻. [𝛻𝜑 − 𝜆̅𝑛̂]

(5.10)

𝑑

The last term in equation (6.1), 𝐹̅𝑒 , is added to the Navier-Stokes equation (5.9) to represent the
electrical body force. It is defined in dimensional form as,
𝐹𝑒 = 𝛻 ∙ 𝑇𝑒

(6.2)
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Te in this equation is the Maxwell stress tensor and is defined as a function of the electric field
and the electric displacement field such that,
1

𝑇𝑒 = 𝐸 𝐷𝑒 𝑇 − 2 (𝐸 ∙ 𝐷𝑒 ) 𝐼

(6.3)

In this equation, 𝐸 is the electric field and De is the electric displacement field. De is a function
of 𝐸 and the electrical permittivity, , as
𝐷𝑒 = 𝜀𝐸

(6.4)

Due to this definition, equation (6.3) is simplified to
1

2

𝑇𝑒 = 𝜀 (𝐸 𝐸 𝑇 − 2 |𝐸| 𝐼)

(6.5)

Therefore, the electrostatic force is formulated as,
1

𝐹𝑒 = 𝑞𝐸 − 2 𝐸. 𝐸𝛻𝜀

(6.6)

Note that the third term in the electrical force equation, the electrostriction force, which is
related to fluid compressibility has already been dropped from this equation. According to
equation (6.6), the unit of the electrostatic force can be related to the units of its contributing
factors and the force can be nondimensionalized in the following form.
𝐵𝑜
1
𝐹̅𝑒 = Ca𝐸 (𝑞𝐸 − 2 𝐸 ∙ 𝐸∇𝜀)

(6.7)

BoE in this representation is the electrical Bond number, which is defined as
𝐵𝑜𝐸 =

𝜀𝑑 |𝐸∞ |2 𝐷𝑑

(6.8)

𝛾

In contrast to equation (6.6), the variables used in equation (6.7) are nondimensional.
Therefore, the nondimensional electrostatic force is related to the capillary and electrical Bond
numbers, as well as the nondimensional electric field, the electric charge density, and the
electrical permittivity. The corresponding reference values for the electrical permittivity and
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the electric field are, d (electrical permittivity of the dispersed phase), and Eꚙ (electric field
magnitude at the far field), respectively. The local electrostatic charge density, q, is defined in
terms of the electrical permittivity and the electrical field, as
𝑞 = 𝛻. (𝜀𝐸)

(6.9)

Therefore, the reference electrical charge density, q0, can be defined in terms of the reference
values for the electric field and the electrical permittivity. Also, the electric field is related to
the applied voltage, such that
𝐸 = −𝛻𝑈

(6.10)

The effect of the electric field on the droplet is introduced through implementation of the
boundary conditions on the interface of the droplet and the carrier liquid. The boundary
condition on the interface of the droplet is applied in a way that the normal component of 𝜀𝐸
changes smoothly across the interface, therefore,
𝑛

𝑛

𝜀𝑑 (𝐸𝑑 + 𝐸∞ ) = 𝜀𝑐 (𝐸𝑐 + 𝐸∞ )

(6.11)

The electrostatic potential at point r in space resulting from a point charge with density of q
located at point 𝑟′, is calculated as,
𝑞(𝑟′)

𝑈(𝑟) = 4𝜋𝜀

(6.12)

0 ‖𝑟−𝑟′‖

Therefore, the electrostatic potential distribution inside a domain can be calculated with a
known charge density distribution on the interface, by integrating equation (6.12) over the
entire interface, such that
𝑞(𝑟′)

1

𝑈(𝑟) = 4𝜋𝜀 ∫𝑠 ‖𝑟−𝑟′‖ 𝑑𝑠

(6.13)

0

56

Having known the electrostatic potential at each point in the domain, the local electric field is
the applied electric field subtracted by the local gradient of the electrostatic potential. This is
formulated in equation (6.14) and depicted in figure 6.1.
𝐸(𝑟) = 𝐸∞ − 𝛻𝑈(𝑟)

(6.14)

Figure 6.1: External applied electric field, 𝐸∞ , and the fields, 𝐸𝑐 and 𝐸𝑑 , induced inside and
out of the droplets due to redistribution of charge densities on the droplet interface and
consequently change of its shape.
Models of liquids under electric fields are divided to perfect and leaky dielectrics depending
on the electrical properties of the liquid under study. The main difference between the two
models is that under the leaky dielectric assumption, the electrical charges can redistribute in
the liquid to reach equilibrium, while under the perfect dielectric assumption the electric charge
density is assumed zero everywhere. In the leaky dielectric model according to Zhang and
Kwok [70], by applying the electric charge conservation and neglecting the convective and
diffusive terms, the electrical potential distribution at each moment can be calculated by
solving equation (6.15). In this equation,  represents the electrical conductivity.
𝛻. (𝜎𝛻𝑈) = 0

(6.15)
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The governing equation for the perfect dielectric model however, is slightly different than
equation (6.15) and as mentioned earlier the electric charge density in this model is assumed
to be zero.
𝛻. (𝜀𝛻𝑈) = 0

(6.16)

Due to the huge changes in electrical properties and consequently the electrical time scales
from one phase to another in this work, the computational domain is divided to two areas to
avoid divergence and ensure stability and accuracy. Since glycerol (the dispersed phase) is an
electrolyte liquid, leaky dielectrics is the accurate assumption for our problem inside the
droplet. However, the carrier oil is very close to a perfect dielectric therefore, the problem
outside the droplet is modeled as perfect dielectric.
6.2.2. Droplet Deformation and Energy Minimization Analysis
In most of the attempts in solving the fluid flow domain and the droplet deformation affected
by an electric field, both densities and viscosities of the droplet and the surrounding fluid are
considered the same. In the work done by Sherwood [71], he used a numerical boundaryintegral technique to capture droplet deformation with different electrical properties inside an
electric field. According to this work, if the electrical permittivity of the droplet is higher than
the surrounding fluid, the droplet deformation leads to conical-ends shape, while smooth
splitting of the drop to two blobs is the result of the cases where the conductivity of the droplet
is higher than that of the surrounding fluid. However, deformation hysteresis is a phenomenon
observed in experiments that has not been captured numerically. According to Sherwood, this
can mean that the viscosity ratio is an important factor in droplet deformation hysteresis.
According to figure 6.2, adopted from the Sherwood’s [71], for permittivity ratios up to a
certain critical number (between 15 to 20) the final solution for the droplet shape is unique. For
permittivity ratios higher than the critical value, there might be up to three solutions for the
droplet shape depending on the applied electric field.
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Figure 6.2: This graph adopted from Sherwood’s work published in Journal of Fluid
Mechanics in 1988, shows the ratio of the major axes of a prolate spheroid droplet (y-axis)
resulted from applying an external electric field with non-dimensional values labeled on xaxis. Each curve belongs to one specific ratio of the electrical permittivity of the droplet to
ε
that of the surrounding liquid. εd is (a) 5, (b) 10, (c) 20.8, (d) 50, (e) 250, and (f) 1000.
c

Reproduced with permission from [71].
The curves in figure 6.2 are derived using the energy minimization argument. In this argument,
the total energy of the drop (i.e. the summation of the electrical and the surface energies) is
minimized by calculating its derivative with respect to the aspect ratio and equating it to zero.
The result is the aspect ratio of the spheroid after equilibrium as a function of the nondimensional applied electric field. In general, the electrical energy of a dielectric body of
volume, ∀, under the electric field, 𝐸, is formulated as,
1

𝐸𝑒 = 2 𝜀0 ∫∀(𝜀𝑐 − 𝜀𝑑 )𝐸 ∙ 𝐸𝑑 𝑑𝑣

(6.17)
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𝐸𝑑 here, is the electric field inside the dielectric body which can be calculated for each specific
geometry analytically. The surface energy also can be formulated as a function of the interfacial
tension and the surface area of the droplet as was presented in equation (4.1).
As is assumed in figure 6.2, the equilibrium droplet shape under the influence of a straight
electric field is a prolate spheroid which has been shown to be of acceptable agreement with
reality [72]. To this extent, squeezed droplets can also be assumed to have an elliptic pancake
shape after being affected by a straight electric field. In our case, the problem is defined as
deformation of a squeezed electrolyte droplet (glycerol) affected by a straight electric field
generated by applying voltage to the embedded ITO micro-electrodes at the bottom of the
channel. The deformation of the droplet is the result of redistribution of charge densities on the
interface of the droplet as is shown in figure 6.3.

Figure 6.3: deformation of an electrolyte droplet squeezed between the top and bottom walls
of the channel under the effect of lateral DC electric field
Assuming that the changes of the characteristics in the z-direction are negligible, a 2D ellipse
is to be dealt with, which leads to the following formulations for electrical and surface energies
per unit thickness.
𝐸𝑒 =

𝜀0 (𝜀𝑐 −𝜀𝑑 )
2

𝐸∞ ∫𝐴 𝐸𝑑,𝑥 𝑑𝐴

(6.18)
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𝐸𝑠 = 𝛾𝑆𝑑

(6.19)

Equation (6.18) is the simplified form of equation (6.17), assuming that the external electric
field is in the x-direction and the relative permittivities of both liquids are constant. Sd in (6.19)
is the perimeter of the 2D droplet shape.

Figure 6.4: Side-view of one edge of a squeezed droplet influenced by a horizontal electric
field, reality vs. assumption. It is assumed that changes in physical properties of the droplet in
the direction perpendicular to the device plane is neglected. This assumption reduces the
problem into a 2D simulation of droplet movement.
Also, as is shown in figure 6.4, contact angle of the confined droplet is assumed to be 90°,
Although in reality the contact angle between the aqueous droplet and PDMS walls is higher
than 90° and its value after applying the electric field can be calculated based on the YoungLippmann equation [73] as,
𝛾𝑠𝑐 −𝛾𝑑𝑠

𝜃𝑑 = 𝑐𝑜𝑠 −1 (

𝛾𝑑𝑜

𝑐𝑉 2

+ 2𝛾𝑒 )

(6.20)

𝑑𝑜

In this equation, γsc, γds, and γdo are interfacial tensions between substrate and continuous phase,
substrate and dispersed phase, and dispersed and continuous phases, respectively. Due to
pinning of the droplets on the substrate and contact angle hysteresis, there exist a minimum
voltage for the onset of any visible change in contact. The minimum voltage depends on
physical characteristics of the liquids and the substrate.
According to Taylor [74] leaky dielectric droplets in a two phase flow under an electric field
tend to change their shape to oblate or prolate ellipsoids at their equilibrium condition. His
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theoretical formulation leads to equation (6.21) which governs the relation between two major
axes of the ellipsoid under an external electric field at equilibrium.
𝐿−𝐵
𝐿+𝐵

= 𝐵𝑜𝐸 𝑓𝑑

(6.21)

In this equation, L and B are the major axes of the ellipsoid along the electric field and
perpendicular to it, respectively. Taylor defines the discriminating function fd as a function of

, , and  as,
9

1

3

𝑓𝑑 (ι, χ, κ) = 32 (2+ι)2 [ι2 + 1 − 2χ + 5 (ι − χ)

2+3κ
1+κ

]

(6.22)

Here, 𝜄, χ, and κ are used for the ratio of the electrical conductivities, electrical permittivities,
and dynamic viscosities of the dispersed to continuous phase. This is consistent with what Ha
and Yang [75] represent in their model while Hua et al. [76] define this function twice this
value. In the model proposed by Zhang and Kwok [70], fd is defined as a function of ι and χ
as,
𝑓𝑑 (ι, χ) =

ι2 +ι+1−3χ

(6.23)

6χ(1+ι)2

They also report that under the leaky dielectric field, the droplet will elongate along the electric
field direction if and only if the numerator of equation (6.23) is positive. According to them, if
this value is less than zero, the electric filed compresses the droplet along its direction instead
of stretching it. Therefore, the elongation orientation of the droplet under electric field depends
strongly on the magnitude of the sudden change in the electrical conductivity at the interface.
In this dissertation, since the droplets are squeezed and hence their thickness to diameter ratio
is small, the changes of the properties in the z-direction are neglected and the shape of the
droplets after applying the electric field is considered an ellipse without loss of generality. Also,
since there is a sudden change of electrical conductivity across the interface by few orders of
magnitude, we observe droplets stretched along the direction of the applied electric field.
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6.3. Numerical Simulation
6.3.1. Formulation
Two sets of distribution functions were defined so far in chapter 5 for both interface recognition
and flow field update by solving the Allen-Cahn and Navier-Stokes equations. In this work, a
module is added to the phase-field-based LBM numerical solver that calculates the electrical
potential distribution, and consequently the electric field and electrical charge density
distribution to compute the local electrical force and engage the external electric field into the
process of updating the droplet shape in each iteration. For this purpose, another separate set
of distribution functions, hi, is added to the problem that contributes in the solution of the
Maxwell problem for computation of the local electrical potential. The corresponding lattice
Boltzmann equation is formulated as,
1

ℎ𝑖 (𝑟 + 𝑐𝑖 𝛥𝑡, 𝑡 + 𝛥𝑡) − ℎ𝑖 (𝑟, 𝑡) = − 𝜏 [ℎ𝑖 (𝑟, 𝑡) − ℎ𝑖𝑒𝑞 (𝑟, 𝑡)]
ℎ

(6.24)

The relaxation time in this equation is proportional to either the electrical conductivity or the
electrical permittivity depending on if the model is leaky or perfect dielectric. The equilibrium
distribution function is a weighted function of the local electrical potential.
Γ

𝜏ℎ = 0.5 + 𝑐 2 ∆𝑡
𝑠

, 𝑤ℎ𝑒𝑟𝑒 {

Γ=𝜎
Γ=𝜀

for leaky dielectric model
for perfect dielectric model

ℎ𝑖𝑒𝑞 = 𝜔𝑖 𝑈

(6.25)
(6.26)

Here, cs and ωi are among the characteristics of the chosen lattice, D2Q9, as well as the spatial
and temporal increments. The summation of the updated distribution functions at each node is
the updated local electrical potential.
𝑈 = ∑𝑖 ℎ𝑖

(6.27)

Equations (6.24) to (6.27) are solved iteratively, and the electrical charge density, the electric
field, and the electrical body forces are calculated based on the converged solution for the
electrical potential in each time step using equations (6.9), (6.10), and (6.7).
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6.3.2. Deformation of an Electrolyte Droplet under Electric Field
As was discussed in previous section of this chapter, droplets under electric field tend to change
their shape to either oblate or prolate spheroids due to the redistribution of their electrical
charge density. This phenomenon helps with increasing their zone of effect in terms of droplet
coalescence. In this section, this deformation was simulated using the developed lattice
Boltzmann numerical solver for a droplet of nondimensional diameter of 1.0 under a DC
electric field of the magnitude of 106 V/m (figure 6.5).

Figure 6.5: Deformation of a circular droplet under DC electric field with the magnitude of
106 V/m in the x-direction. This deformation is plotted against the initial shape of the droplet
and is compared with the result obtained from the empirical equation presented in this
chapter. The arrows show the local electrohydrodynamic force in (a), local direction and
strength of the electric filed in (b).

6.3.3. Electrocoalescence
Electrocoalescence is defined as the active coalescence of droplets under the effect of external
electrical stimulation. This phenomenon is simulated in this section for a droplet pair of equal
sizes in two dimensions. Similar to figure 5.3, the critical gap between the droplet pair for
successful initiation of electrocoalescence was obtained using the numerical solver and the
results are presented in figure 6.6.
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Figure 6.6: Demonstration of the dependence between successful initiation of
electrocoalescence between a droplet pair and the gap between them. The numerical interface
thickness, W, is considered as 0.1Dd and the gaps are (a) 2W, (b) 12.5W, and (c) 13W.
As is shown in this figure, the droplet pair of the nondimensional diameter of 1.0 each can
engage in coalescence under a straight DC electric field with the strength of 106 V/m as long
as the gap between them is less than or equal to 12.5 times their numerical interface thickness.
The critical gap for the electrocoalescence under a strong DC electric field with the mentioned
strength is more than six times that of the passive coalescence. This proves the enhancement
effect of external electric field in coalescence of droplet, mainly owing to the fluid flow induced
by the redistribution of the electrical charge densities. The numerical interface thickness is
considered as one-tenth of the droplet nondimensional diameter and the time shown in the
figures is nondimensional. Figure 6.7 shows the time-sequenced electrocoalescence of the same
droplet pair with the initial gap of twice the interface thickness until there is no further change
in the shape of the resultant droplet.
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Figure 6.7: Electrocoalescence process through time of a droplet pair with nondimensional
diameters of 1.0, and initial gap of 2W, where W is the numerical interface thickness and is
set equal to 0.1Dd
6.4. Summary
In this chapter, the theoretical framework and the numerical solver developed in chapter 5 were
extended to incorporate the electrostatic forces on the droplets imposed from the applied
external electric filed. Maxwell electrostatic equations were presented to solve for the electrical
potential distribution and consequently, the electric filed, the charge density distribution, and
the electrostatic force. This force term is then coupled with the conservation of mass,
conservation of momentum, and the Allan-Cahn equation to solve the deformation of the
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droplets under the effect of electric filed. This deformation was simulated with the developed
numerical solver and the result was compared with the empirical equations reported in the
literature. The numerical solver was also used to simulate the electrocoalescence of a droplet
pair affected by this deformation. The critical gap for the initiation of the electrocoalescence
between a droplet pair was calculated and compared with the one reported in chapter 5 for the
passive coalescence.
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CHAPTER 7: MIXING OF NANODRPLETS

7.1. Introduction
Mixing in micro total analysis systems (µTAS) is of utmost importance to carry out chemical
reactions and biological assays. However, reduction of scales in micro and nanofluidics
introduces challenges for mixing of reagents and involves new factors in its analysis. As
discussed in previous chapters, reducing the length scale leads to negligibility of inertial and
gravitational forces in comparison to viscous and interfacial forces. Due to this fact, low
Reynolds laminar flow is more common and inducing turbulence inside microdevices becomes
almost impossible. Convection becomes negligible and diffusion dominates fluid flow
behavior. This drawback hinders the mixing of reagents in micro and nanoscales in terms of
time and efficiency. Therefore, researchers are trying to understand the physics of mixing in
smell scales and propose new ideas to enhance it. Understanding the physics of mixing is an
essential step toward successful design and implementation of micromixers. In this chapter
different time scales involved in passive mixing of nanodroplets were introduced and mixing
of a glycerol droplet pair inside oleic acid was demonstrated and analyzed.

7.2. Mixing Time Scale Analysis
Four different time scales should be evaluated and compared against each other for accurate
assessment of mixing of nanodroplets, either passively or in presence of external stimulations.
The first and most apparent time scale involved in any fluid mechanics problem is the
hydrodynamic convection time scale defined as,
𝜏ℎ𝑐 =

𝜌𝐷𝑑2

(7.1)

𝜇

Viscosity-capillarity time scale is introduced into problems in which viscosity and surface
tension supersede other effects, i.e. micro and nanofluidics.
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𝜏𝑣𝑐 =

𝜇𝐷𝑑

(7.2)

𝛾

An accurate mixing study must highlight the importance of hydrodynamic wive mixing of
mixing reagents and determine what factors are dominant in any specific mixing problem.
Therefore, another time scale that must be taken into consideration is molecular diffusion time
scale.
𝜏𝑚𝑑 =

𝐷𝑑2

(7.3)

𝑀

and electrostatic time scales, 𝜏ℎ , 𝜏𝑣𝑐 , and 𝜏𝑒 , respectively. These three time scales are defined
as,
𝜀

𝜏𝑒 = 𝜎

(7.4)

As was discussed in chapter 5, in the absence of the mean velocity when the only important
factors are viscosity and interfacial tension, it is conventional to define the reference velocity
𝛾

as the surface tension-induced shear velocity, 𝑢0 = 𝜇. This assumption is correct even for nonzero mean flow velocity, if the Reynolds number is orders of magnitude smaller than 1.0, in
which case, the problem can still be considered to be in Stokes flow regime. Referring to the
definition of the reference velocity for our problem, the four time scales and their
corresponding values are presented in table 7.1.
Table 7.1: List of time scales involved in mixing of nanodroplets

Hydrodynamic Convection Time Scale
Viscosity-Capillarity Time Scale
Molecular Diffusion Time Scale
Electrostatic Time Scale
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Formulation
𝜌𝐷𝑑2
𝜏ℎ𝑐 =
𝜇
𝜇𝐷𝑑
𝜏𝑣𝑐 =
𝛾
𝐷𝑑2
𝜏𝑚𝑑 =
𝑀
𝜀
𝜏𝑒 =
𝜎

Glycerol

Oleic Acid

2.23×10-4

8.15×10-3

1.10×10-2

4.21×10-4

4.17×10

-

4.16×10-5

2.21×10-1

7.3. Experimental Setup and Analysis
As shown in figure 7.1, two microsyringe pump controllers (Harvard Apparatus PHD 2000 and
Micro 4) have been used to inject the oil and the reagents into the microfluidic device. The
experiment is captured using a Sony Cybershot RX100 mark 5 mounted on a Leica S8AP0
surgical microscope.

Figure 7.1: Schematic and actual pictures of the experimental setup
In this work, glycerol and oleic acid are used for dispersed and continuous phases, the physical
properties of which are listed in table 1.1. The diameter of the droplets is fixed at 200 µm and
the continuous flowrate is kept minimal only to bring the two droplets to the vicinity of each
other. Image processing has been performed to quantify passive mixing of the squeezed droplet
pair.
Coalescence and mixing of a glycerol droplet pair were captured here to examine the passive
mixing time of squeezed droplets and compare it with the time scales involved in the process.
Figure 7.2 shows the passive coalescence between the two adjacent glycerol droplets of two
different colors in six frames during 1 second. The two droplets are of the same size (𝐷𝑑 =
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200 𝜇𝑚) and partial trapping of the blue droplet in the microwell is the reason it looks smaller
than the red one.

Figure 7.2: Passive coalescence of two glycerol squeezed droplets with squeezed radii of 200
µm
Figure 7.3 presents our experimental outcome consisting of 15 snapshots of a blue and reddyed glycerol droplets right after coalescence over the course of 390 seconds. As the pair
proceeds in time, mixing continues.

Figure 7.3: Optical snapshots of the passive mixing of a glycerol droplet pair within the time
range of 0 to 390 seconds
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Figure 7.4 illustrates the image conversion procedure from 256-bit color snapshots to 32-bit
grayscale images using ImageJ. To distinguish the mixed part of the droplet from the blue and
red portions, the background was removed. This procedure enhanced the contrast between
blue/red and the mixed portion (purple). Conversion of the enhanced pictures to 32-bit
greyscale divided the droplet to the dark parts (unmixed blue and red) and bright parts (mixed
purple).

Figure 7.4: Image conversion procedure for the current image processing of passive mixing
of glycerol droplet pair
Figure 7.5 shows the 32-bit grayscale snapshots of nine selected frames produced by ImageJ.

Figure 7.5: Snapshots of the mixing droplet in grayscale. First the background was subtracted
and then it was converted to 32-bit grayscale
25 sample regions were extracted from different locations inside the droplet area for obtaining
the gray intensity indices. For each sample, the gray indices are normalized between zero and
one, and the normalized standard deviations from the mean gray index of the final frame are
calculated in percentage. As is shown in figure 7.6, the normalized standard deviation
percentage of the gray intensity index in samples decays with time as mixing proceeds.
Normalized standard deviation of 0% is only ideal and can only be achieved in mixtures that
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are 100% homogeneous, therefore expressing this decay with functions that have roots is not
consistent with the physics of mixing. A suitable empirical formulation for asymptotical decay
is of exponential general form as,
𝑆 = 𝑆0 𝑒 −𝑡/𝜏𝑒

( 7.5)

where S0 is the average of the gray intensity indices of the two adjacent droplets right before
mixing, and τe is the empirical passive mixing relaxation time. The asymptotical decay of the
normalized standard deviation of gray intensity index with time for passive mixing of a
squeezed glycerol droplet pair is demonstrated in figure 7.6.

Figure 7.6: Normalized standard deviation percentage of the gray intensity indices of the
mixing droplet at different moments. The normalized standard deviation percentage is
calculated from the mean gray intensity index of the final frame as the reference.
In this model, mixing is considered complete when the normalized standard deviation of the
gray intensity indices reaches Sf %. Therefore, the mixing percentage (M) is defined as a linear
mapping of the normalized standard deviation in order for it to be limited between 0 and 100%.
100

𝑀 = 1−𝑆 (1 − 𝑒 −𝑡/𝜏𝑒 )

(7.6)

𝑟

Here, Sr is defined as the ratio of the normalized standard deviation of the gray intensity indices
at the beginning and the end of the mixing process, Sf /S0.
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In this work, S0 is measured as 27.6% and the time required for passive mixing is listed in table
7.2 for different values of Sf.
Table 7.2: Time required for passive mixing of squeezed glycerol nanodroplet pair under
different assumptions for the final normalized standard deviation
Sf (%)

Sr

t (sec)

10

0.363

122

5

0.181

205

2

0.073

316

1

0.036

399

0

0

∞

Figure 7.7 demonstrates how the percentage of passive mixing of squeezed glycerol droplets
increase with time for different values of the set threshold for final normalized standard
deviation, Sf.

Figure 7.7: Percentage of progress of passive mixing in a glycerol droplet pair under different
assumption for the threshold for the normalized standard deviation of gray intensity index of
the final frame
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The nonlinear least square method is used to calculate the empirical passive mixing relaxation
time, τe, as 120 seconds. This value is to compare with the diffusive mixing time scale, τd,
which has been calculated for glycerol droplet pair as 43 seconds. The difference can be
justified with the fact that in our experiment the droplets are confined by the top and bottom
walls and the diffusion inside the droplets is hindered by the wall friction, therefore mixing
takes longer.

7.4. Summary
Consequent to coalescence, mixing of pairs of nanodroplets was analyzed in this chapter. Four
different time scales were introduced which are involved in passive and electrically active
mixing of nanodroplets. The hydrodynamic convection time scale is the first apparent time
scale which is involved in any fluid mechanics problem. In microfluidics, since surface tension
is among the main contributing factors, another time scale, known here as the viscositycapillarity time scale becomes important. The third time scale that is particularly important in
creeping flow problems is the molecular diffusion time scale which is defined as the time
required to travel one length scale for the molecules of a fluid with certain diffusion coefficient.
The last time scale only contributes to calculation of mixing time in cases where it happens
under the effect of external electric field. It is defined as the time required for traveling of
charges in a medium with certain electrical permittivity and conductivity. To continue the
mixing argument, an experiment was designed and performed to demonstrate passive mixing
of a glycerol nanodroplet pair in oleic acid. To minimize the unwanted effects of viscous
stresses imposed on the droplets by the walls and the mean flow, the droplet trapping method
introduced in chapter 4 was used in this experiment. The results are shown in snapshots, on
which image processing was performed to derive the passive mixing time and passive mixing
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percentage behavior. The results show that passive mixing percentage grows asymptotically on
an exponential fit.
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CHAPTER 8: CONCLUSIONS AND OUTLOOK

8.1. Conclusions
Passive and active coalescence and mixing as essential operations in micro and nanofluidics
for chemical reactions and biological assays was the focus of this research theoretically,
numerically, and experimentally. Microfluidic devices were fabricated by creating two-level
channels in PDMS and embedding microelectrodes etched on the ITO-coated glass substrates.
The designs were optimized through several reiterations and developing of parametric
theoretical analyses on different parts of the device. Several versions of devices were designed
and fabricated to achieve the optimum design parameters.
Various methods for generation of nanodroplets were studied and flow-focusing method was
chosen and employed due to its acceptable controllability and precision, and its convenient
operation procedure. Two separate flow-focusing droplet generation stations were designed
and fabricated to produce droplets of different reagent for the study of mixing down the road.
Different sizes of orifices were examined to achieve the desired sizes of droplets. A passive
droplet trapping method based on the reduction of the surface energy of the trapped squeezed
nanodroplets was employed to minimize the wall shear stresses and viscous effects exerted by
the mean flow.
The Phase-field approach was utilized to mathematically model two-phase flows to specifically
analyze passive coalescence of nanodroplets. Passive coalescence of droplet pairs was
simulated by developing a phase-field-based lattice Boltzmann method. Two benchmark
problems are solved to validate our numerical solver. The present numerical analysis has
provided the flow field during the passive coalescence which clearly demonstrates the physical
concept of passive coalescence.
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The theoretical framework was extended to include electrostatic governing equations to
incorporate the effect of DC electric fields on the manipulation of emulsions. The developed
numerical solver was enhanced with an additional module to solve for the local electrical
potential, the local electrical charge density, and the resulting pattern of the electric field, and
consequently the local electrostatic force on the emulsions. This allowed us to successfully
simulate the deformation of a 2D circular electrolyte droplet under the effect of a DC electric
field in the x-direction. The electrocoalescence of a droplet pair facilitated by the deformation
of the droplets was also simulated using the enhance numerical solver. The critical gap between
the droplet pair for successful initiation of coalescence was derived for passive and active cases
and was compared against each other. This gap for the passive coalescence was derived to be
less than or equal to twice the numerical interface thickness. The researchers have reported the
same value for this parameter. However, this critical gap was increase to twelve times the
numerical interface thickness for the electrocoalescence under a DC electric filed with the
magnitude of 106 V/m. This finding proves the effect of the electrical stimulation in facilitating
droplet coalescence.
Droplet mixing is also expected to be facilitated by electrical stimulation by inducing secondary
fluid flows inside the emulsions due to the movement of their boundaries as well as the
redistribution of their electrical charges. In chapter 7 of this dissertation, the study of the mixing
time was started by introducing the four different time scales involved in the problem: the
hydrodynamic convection time scale, the viscosity-capillarity time scale, the molecular
diffusion time scale, and the electrohydrodynamic time scale. The first three are defined in any
type mixing problem in small scales however, the last one is only introduced by incorporating
external electrostatic forces. The value for each of these time scales was calculated and as is
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expected, the molecular diffusion time scale and the electrostatic time scale possess the largest
and the smallest values, respectively.
The mixing nanodroplets of 20 nL each, were placed adjacent to one another and coalescence
and mixing was initiated due to their interfacial forces. As the mixing proceeded, snapshots of
the mixing droplet were captured, and image processing was performed to observe the rate of
passive mixing. Concluding the droplet mixing as the normalized standard deviation for gray
intensity indices approaches zero, the passive mixing time was experimentally obtained to be
of the theoretical order of diffusive mixing time scale. Considering the small Reynolds number
in the experiments, the problem is modeled in the creeping flow regime and is classified as a
Stokes flow problem. In this regime, the advection is negligible, and the flow field is
dominantly influenced by diffusion. Therefore, as resulted from the passive mixing experiment,
the mixing time is of the order of magnitude of the molecular diffusion time scale. However,
the fact that the electrohydrodynamic time scale has the smallest value among the contributing
time scales proves that mixing can be substantially enhanced under the effect of external
electrical stimulation.

8.2.Outlook
This work can continue in several directions to utilize the results and explore the problem from
other aspects. From the numerical perspective, the present method is two-dimensional and
second-order accurate. Although it is capable of solving two-phase fluid flows, the only
external body force that is incorporated in it is the electrostatic force. Higher-order numerical
schemes such as compact finite difference methods can be used in this solver to make it more
accurate. Modules can be written independently and then coupled to the code to incorporate
other types of external stimulations such as thermocapillary and magnetohydrodynamic forces.
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It can be upgraded to three dimensional and linked with mesh-based methods to become
capable of solving problems with complex geometries.
Exploring the biological applications of this work can be an interesting subject to pursue in the
future. Specific to coalescence and mixing of the nanodroplets, single-cell analysis and genome
sequencing can be realized by encapsulating any desired biological reagents inside the
nanodroplet. Moreover, cell models can be generated either on or off chip and injected into the
microdevices to analyze their response to different external stimulations. Integrating double
emulsion generation stations to the fabricated microfluidic devices can realize both oil-based
and lipid-based cell models of different sizes for this purpose. In-detailed discussion on oilbased and lipid-based cell models cell models is presented in appendix 2. One of the studies
related to the application of this work in analysis of cell models behavior may be related to cell
poration. Cell membranes are shown to experience a dramatic jump in permeability (or
conductivity), and in some cases mechanical rupture, under certain amounts of electrical fields
through a procedure called electropermeabilization or electroporation (EP) [24].
Energy harvesting is another area for which the current configuration of device can be useful.
By employing the reversing the circuit to what is used in the microfluidic devices in this work,
electrical power can be retrieved from the movement of electrolyte droplets inside the chip.
One of the practical applications of the electrical energy harvesting in this fashion is neuronal
cell stimulation for which only nano to microamps of current is needed. The method has been
published for the first time in 2011 as reverse electrowetting by a group in University of
Wisconsin [15]. They utilized embedded nanometer thick multi-layer electrodes to convert
mechanical energy of moving microdroplets to electrical power in the range of 103 W/m2
(voltages of up to 10 V). This idea can be realized by defining a repetitive path for trains of
electrolyte droplets by designing serpentine microchannels. By embedding electrodes below a
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thin layer of dielectrics such that their interface with moving droplets changes with time,
change of distribution of electric charges in the electrodes induces electrical current. Using
aqueous droplets instead of metal ones and dealing with moving droplets in oil with flexibility
in channel designs over stationary electrodes enhance the precision and make the fabrication
and operation of the energy harvesting platforms cheaper, easier, and more on-demand.
Electrically enhanced coalescence and mixing should be demonstrated experimentally to verify
the results obtained numerically in this dissertation. In addition, various stimulation methods
other than electrical can be used for droplet coalescence and mixing enhancement, either
mechanically (acoustically), electrically, or photonically. It can be realized by changing the
physical characteristics of either the liquid or the substrate. For example, some organic
molecules may exist in several stable isomers based on the 3D orientation of the functional
groups with respect to each other. Switching between these isomers may occur by changing
the environmental conditions such as temperature or light spectrum through a process called
isomerization [77, 78]. This phenomenon leads to the change in physical characteristics of such
materials. Utilization of such materials in the synthesis of the substrates can lead to microfluidic
devices with the capability of smart droplet manipulation [79].
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APPENDIX A: ELECTROCOALESCENCE DROPLET-BASED MICROFLUIDIC
DEVICE FABRICATION
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This appendix contains the detailed process steps for the fabrication of a droplet-based
microfluidic device capable of conducting electrical stimulation to the droplets. The device was
fabricated in a cleanroom class 1000.

A.1. Glass Substrate with Embedded Microelectrodes
1. A 40 mm by 50 mm ITO-coated borosilicate glass slide was rinsed with acetone, methanol,
and distilled deionized water, respectively.
2. The slide was dried using a nitrogen gun
3. The blow-dried slide was heated on the hot plate at 200˚C for five minutes to dehydrate its
surface.
4. The cleaned slide was examined under the microscope for any remaining contamination.
5. The spin-coater chamber was covered with aluminum foil before spin coating.
6. The slide was centered on the spin-coater stage with its conductive side faced up, and the
vacuum was turned on.
7. The surface of the slide was completely covered with the shipley S1813 photoresist.
8. Spin-coating was performed at 1000 RPM for 30 seconds with a 1000 rpm/sec ramp.
9. The resist was soft-baked on the hot plate for 3 minutes at 105˚C and cool-down for 5
minutes.
10. UV exposure was performed for 8.8 seconds to pattern the circuitry.
11. Developing of the shipley photoresist was performed in Tetramethylammonium hydroxide
(CD-26) for about one minute and the completeness of the developing process was
confirmed by observing the sample under the microscope.
12. The resist was hard-baked on the hot plate for 12 minutes at 125˚C and cool-down for 5
minutes.
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13. The exposed parts of the ITO layer were wet-etched using a 1:1 mixture of HCl and HNO3
in intervals until the multimeter test showed no conductivity in the etched parts.
14. The remaining photoresist was rinsed off by acetone and the slide was cleaned using DI
water and blow-dried using nitrogen gun.
15. 2 grams of SYLGARD® 184 SILICONE ELASTOMER base was mixed with its curing
agent in a disposable beaker with the weight ratio of 10:1.
16. The PDMS mixture was placed inside a desiccator to remove the bubbles entrapped in it.
17. The glass slide was places and centered on the spin-coater stage, the vacuum was turned
on, and the clear PDMS mixture was poured gently on the slide.
18. PDMS was spin-coated on the slide at 1000 RPM for 60 seconds to create the insulating
layer.
19. The spin-coated PDMS was baked on the hot plate at
65˚C for 30 minutes
95˚C for 120 minutes

A.2. PDMS microfluidic features
20. A 3-inch single-side-polished silicon wafer was rinsed with acetone, methanol, and distilled
deionized water, respectively.
21. The wafer was dried using a nitrogen gun
22. The blow-dried wafer was heated on the hot plate at 200˚C for five minutes to dehydrate
its surface.
23. The cleaned wafer was examined under the microscope for any remaining contamination.
24. The spin-coater chamber was covered with aluminum foil before spin coating.
25. The silicon wafer was centered on the spin-coater stage and the vacuum was turned on.
26. A small amount of SU8-2050 photoresist was poured on the center of the wafer.
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1 mL of resist per inch of wafer diameter
27. A two-step spin-coating was run as follows:
500 RPM for 13 seconds with a 300 rpm/sec ramp (Resist spreading)
1500 RPM for 41 seconds with a ramp of 1000 rpm/sec (Resist coating)
The resist thickness was measured to be 80 μm.
28. The SU8 resist from the edge of the wafer was removed using a sharp blade (Edge bead
removal).
29. The resist was soft-baked on hot plate in the following two steps:
65˚C for 15 minutes
95˚C for 30 minutes
Cool-down for 5 minutes
30. UV exposure was performed for 40 seconds using the mask #1.
31. Post-exposure bake was performed in two steps:
65˚C for 2 minutes
95˚C for 25 minutes
Cool-down for 5 minutes
32. Steps 25 to 31 were repeated using mask #2 to fabricate the second layer of features.
33. Developing of the SU8 photoresist was performed in Propylene glycol monomethyl ether
acetate for intervals and the completeness of the developing process was tested in isopropyl
alcohol after each interval. The entire developing process continued for about 5 minutes.
34. The sample was gently rinsed with DI water and blow-dried with nitrogen gun.
35. 12 grams of SYLGARD® 184 SILICONE ELASTOMER base was mixed with its curing
agent in a disposable beaker with the weight ratio of 10:1.
36. The PDMS mixture was placed inside a desiccator to remove the bubbles entrapped in it.
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37. The clear PDMS mixture was poured gently on the PR-patterned silicon wafer positioned
inside a petri dish.
38. The sample was baked on the hotplate in the following two steps:
65˚C for 30 minutes
95˚C for 120 minutes
39. The cured patterned PDMS layer was slowly pealed off of the silicon wafer.
40. The inlets and outlets were punch through the PDMS device using steel microtubes.
41. The PDMS device was rinsed with acetone, methanol, and DI water, blow-dried with
nitrogen gun, and inspected under the microscope to confirm it is free of residues and
contamination.

A.3. Bonding, Sealing, Tubing, and Wiring
42. The bonding sides of the featured PDMS layer and the PDMS-coated circuitry-patterned
glass slide were treated with oxygen plasma for 60 seconds each using the corona.
43. The top and bottom sides of the microfluidic device were manually aligned and pressed
against each other to permanently seal the device.
44. Plastic microtubes were connected to the ports using the steel microtubes as connectors.
45. The embedded microelectrodes were connected to the voltage generator using copper tape.

86

APPENDIX B: SURFACTANTS AND PDMS SUFACE MODIFICATION FOR
ADJUSTING THE INTERFACIAL TENSION IN DROPLET-BASED SYSTEMS
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B.1. Surfactants
Surfactants are stabilizing surface acting agents with unique molecular structure consisting of
a hydrophilic head and a hydrophobic tail. Adding surfactants to the continuous or dispersed
phases helps to decrease the interfacial tension, since their molecules organize by sticking their
heads in the dispersed phase and extending their tails as a hydrophobic layer around the
droplets. Therefore, they enhance the pinch-off process, increase the stability of the generated
droplets and reduce the chance of droplet coalescence.
Surfactants can be polar and nonpolar, and based on the static charge, they are grouped as
anionic (negatively charged), cationic (positively charged), amphoteric (PH-dependently
charged), and nonionic (not charged), as shown in figure B.1.

Figure B.1: Different Chemical Families of Surfactant in terms of their ionic charge
Anionic Surfactants: Anionic surfactants contain anionic functional groups at their head, such
as sulfonate, phosphate, sulfate and carboxylates. Alkyl sulfates include ammonium lauryl
sulfate, sodium lauryl and the related alkyl-ether sulfates, sodium laureth sulfate, also known
as sodium lauryl ether sulfate (SLES), and sodium myreth sulfate. These are the most common
surfactants and comprise the alkyl carboxylates (soaps), such as sodium stearate. The stearates
comprise more than 50% of the global usage of surfactants. Many of these find utilization in

88

emulsion polymerization. Other anionic surfactants include dioctyl sodium sulfosuccinate
(DOSS), perfluorooctanesulfonate (PFOS), linear alkylbenzene sulfonates (LABs) and
perfluorobutanesulfonate, as well as alkyl-aryl ether phosphates. More specialized species
include sodium lauroyl sarcosinate and carboxylate-based fluorosurfactants such as
perfluorononanoate, perfluorooctanoate (PFOA or PFO).
Cationic Surfactants: Cationic surfactants are comprised of a positively charged head. Most
of cationic surfactants find use as anti-microbials, anti-fungals, etc. in HI&I (Benzalkonium
chloride (BAC), Cetylpyridinium chloride (CPC), Benzethonium chloride (BZT). The cationic
nature of the surfactants is not typically consistent with the world of non-ionic and anionic
charges, and they disrupt cell membranes of bacteria and viruses. Permanently charged
quaternary

ammonium

cations

include:

Alkyltrimethylammonium

salts:

cetyl

trimethylammonium bromide (CTAB) and cetyl trimethylammonium chloride (CTAC).
Amphoteric Surfactants: Zwitterionic (amphoteric) surfactants have both cationic and anionic
centers attached to the same molecule. The anionic part can be variable and include sulfonates,
as in the sultaines CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate).
Betaines such as cocamidopropyl betaine have a carboxylate with the ammonium. The cationic
part is based on primary, secondary, or tertiary amines or quaternary ammonium cations.
Zwitterionic surfactants are often sensitive to pH and will behave as anionic or cationic based
on pH. Fast dry (“coacervation”) latex traffic paints are based on this concept, with a drop in
pH triggering the latex in the paint to coagulate.
Nonionic Surfactants: Nonionic surfactants, which are the proper choice for this research, are
mostly comprised of fatty acids. An important factor in suitability of certain nonionic
surfactants for certain applications is their solubility in water and oil. For example, for waterin-oil droplet generation low solubility of surfactant in oil, and for oil-in-water emulsions a
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combination of surfactants with different solubilities in the continuous phase are needed.
Almost all ionic surfactants are good solubles in water with low solubility in oils. The solubility
of nonionic surfactants is determined based on their HLB number. HLB is the abbreviation of
hydrophile-lipophile balance and is defined by the concentration ratio of the lipophilic tails to
the hydrophilic heads in a given surfactant. A list of nonionic surfactants with their
corresponding HLB number is provided in table B.1.
Table B.1: A list of famous nonionic surfactants with their chemical names and HLBs
Surfactant

Chemical Identity

HLB Number

Span 85

Sorbitan trioleate

1.8

Span 65

Sorbitan tristearate

2.1

Span 80

Sorbitan monooleate

4.3

Span 60

Sorbitan monostearate

4.7

Span 40

Sorbitan monopalmitate

6.7

Span 20

Sorbitan monolaurate

8.6

Tween 61

Polyoxyethylene (PEG) sorbitan monostearate

9.6

Tween 81

Polyoxyethylene (PEG) sorbitan monooleate

10

Tween 65

Polyoxyethylene (PEG) sorbitan tristearate

10.5

Tween 85

Polyoxyethylene (PEG) sorbitan trioleate

11.0

Tween 21

Polyoxyethylene (PEG) sorbitan monolaurate

13.3

Tween 60

Polyoxyethylene (PEG) sorbitan monostearate

14.9

Tween 80

Polyoxyethylene (PEG) sorbitan monooleate

15.0

Tween 40

Polyoxyethylene (PEG) sorbitan monopalmitate

15.6

Tween 20

Polyoxyethylene (PEG) sorbitan monolaurate

16.7

All surfactants consist of lipophilic tails and hydrophilic heads. The lipophilic portions are fatty
acids while the hydrophilic parts are alcohols. The HLB number for a given surfactant is
determined by calculating the hydrophilic portion based on the molecular weight and dividing
the result by 5.0. The range of change of HLB number in surfactants is between 0.5 and 19.5.
The nonionic surfactants with HLBs higher than 10 have hydrophilic effects and are suitable
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for synthesis of oil-in-water (o/w) emulsions. One way to stabilize droplet generation is to add
small concentrations of surfactants to the continuous phase, wherein water-in-oil case the
surfactant is lipophilic (HLB<10, usually 4 to 6), and in oil-in-water case the surfactant should
be hydrophilic (HLB>10, usually 8 to 16). HLB of a blend is molecular weighted average of
its components therefore; mixing two different noninonic surfactants with HLB numbers close
to the two ends of the spectrum can deliver the desirable HLB for any specific application.
Oleic acid, the oil in use for this work, is a nonionic fatty acid with HLB of 1.0.

B.2. Surface Modification
PDMS surface is naturally hydrophobic with the roughness of root mean square of 2.9 nm, and
water contact angle (WCA) of 112°. Surface modification of PDMS channels to increase their
hydrophilicity by increasing the electroosmotic mobility and reducing the WCA is essentially
needed for generation of oil-in-water emulsions since running oil and water-based solutions in
an uncured PDMS channel leads to adhering of the oil phase to the walls. Surface modification
can also be helpful in more stable droplet trapping in our experimental platform. Several
surface modification techniques for PDMS have been used some of which are described in this
section [80].
Plasma Treatment: In this technique, gases such as oxygen, nitrogen, and hydrogen, are
partially ionized by electrical voltage, and deposited on the substrate surface to create chemical
functional groups. This technique is reported to decrease the WCA to 70° and the roughness to
root mean square of 1.4 nm. The disadvantage of this technique is the hydrophobic recovery of
PDMS, which is caused by the migration of uncured PDMS oligomers from the bulk to the
surface, formation of SI-OH bonds toward the bulk and rearrangement of highly mobile
polymer chains. Possible remedies for this problem are:
1. Low-glass transition temperature of PDMS, which is around -120°C,
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2. Successive three solvent extraction before surface oxidation to remove the oligomers:
trimethylamine, ethyl acetate, and acetone,
3. Keeping the surface in contact with water,
4. Immersion in NaOH for 3 hrs after hydrophobic recovery occurs to remove the
oligomers and reorient the –OH groups on the surface.
UV Treatment: Up to 60 minutes of UV exposure in presence or absence of oxygen can reduce
the WCA as well. Although this process is one order of magnitude slower than plasma
treatment, the modification effects are longer lasted.
Chemical Vapor Deposition (CVD): This process includes deposition of gaseous molecules of
certain chemical on the surface of substrate usually through temperature elevation in a closed
chamber. Some of the chemicals which are common to use for surface modification of PDMS
are: poly(4-benzoyl-p-xylylene-co-p-xylylene) [81], poly(ethylene oxide) (PEO) [82], poly(pxylylenes) [83], poly(4-aminomethyl-p-xylylene-co-p-xylylene) [84], and poly(4-formyl-pxylylene-co-xylylene).
Coating with Metals and Metal Oxides: Sputtering is the technique that is commonly used to
deposit thin layers (several nanometers) of metals and metal oxides on PDMS. Concerns related
to this method of surface modifications are maintaining surface transparency and avoiding
cracking the surface. TiO2, gold, and gold nanoparticles are reported for deposition on PDMS
for surface modification. Although deposition of TiO2 leads to a huge decrease in the contact
angle and it does not interfere with the transparency of the surface, cracking the surface is a
series issue with this metal oxide [85]. This issue was addressed by replacing TiO2 with gold.
Wet chemical deposition of gold nanoparticles in HAuCl4 has also been reported to reduce the
WCA in the cost of losing surface transparency [86]. Metals and metal oxides can also be
deposited on the cured surface to preserve the modification effects for longer time. One
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example is deposition of a thin layer of Aluminum which can be easily etched on demand by
immersion in orthophosphoric acid [87].
Layer-by-Layer (LBL) Deposition: LBL deposition is a wet chemical method for alternate
deposition of polyanions and polycations to produce polyelectrolyte multilayers [88].
Simplicity, efficiency, and precise thickness control are the advantages of this technique.
However, the structure, surface functionality, and stability of PEM layers depend on so many
factors including the ionic strength and concentration, type of solvent, temperature, and PH of
the solution [89]. Common first layers used on PDMS are chitosan (chit) [90], and the
polycation, poly(diallyldimethylammonium chloride) (PDDA) [91]. Deposition of alternating
layers of PDDA with poly(sodium 4-styrenesulfonate) (PSS) can be the first option in this
category [92], although using solvents such as hexane, toluene, and benzene cause the PDMS
substrate to swell. Combination of chit and O-[(N-succinimidyl)succinyl]-o0-methyl-PEG in
an aqueous solution can also be used to create a Chit-g-methyl-PEG (mPEG) multilayer [90].
Proteins are also preferred among PEMs due to the biocompatibility of the surface, among
which bilayers of albumin with lysozyme or glucose oxidase on a layer of chitosan have been
reported [93].
Sol-gel Coating: This technique is defined as polymerization of the surface through liquid-tosolid phase transition from a sol to a gel. This technique is relatively easy to implement and
delivers a high-density homogeneous layer with stable surface chemistry. Sol-gel coating
process includes immersion of the surface with the sol solution followed with a thermal
treatment. Solutions of tetraethyl orthosilicate (TEOS) or some metal oxide particles such as
zirconium, titanium, and vanadium are reported for sol-gel coating of PDMS [94-97].
Dynamic Surface Modification: This method includes the use of surfactants and ionic liquids
for on-demand PDMS surface treatment. The hydrophobic tail of such liquids bond with the
PDMS surface while the hydrophilic heads are sticking out of the surface rendering the surface
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more hydrophilic. This method is fast, cheap, and simple although the curing effects do not last
long. Surfactants such as SDS [98], Brij35 [99], DOC [100], Phosphatidic acid [100], PVP
[101], n-dodecyl-b-D-maltoside [102], didodecyldimethylammonium-bromide [103], Triton
X-100 [104] are reported to be useful for this purpose. Also, ionic solutions such as 1-butyl-3methylimidazolium dodecanesulfonate (BAS) [105], and 1-butyl-3-methylimidazolium
tetrafluoroborate (BMImBF4) [106] have been used for dynamic surface modification of
PDMS as well.
Combined Surface Modification Techniques: Gas-based surface modification methods, i.e.
plasma and UV treatment can be used in combination with wet chemical-based techniques to
enhance the strength and duration of the curing effects.
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APPENDIX C: SYNTHESIS OF OIL-BASED AND LIPID-BASED CELL MODELS
FOR INTEGRATING IN DROPLET-BASED MICROFLUIDIC SYSTEMS FOR
STIMULATIONS
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Researchers use different methods to come up with artificial models of cells for the purpose of
in-situ and in-vitro biological testing. Two of the cell model generation methods that can be
pursued along this work are described in this appendix.

C.1. Oil-Interface Droplet-Based Cell Model
Publication of an article by Thomas Maugh in 1976 about the use of liquid membranes as a
technique for selective separation and purification [107] was a start to the study of fluidic
double emulsions. An extensive overview of theoretical analysis of fluid dynamics of double
emulsions can be found in the paper by Stone and Leal published in 1990 [108]. In 1999, Ha
and Yang [109] extended this theoretical framework for double emulsions under electric fields.
The first application of double emulsions was in synthesis of micro- and nanocapsules as
carriers of biological contents with biodegradable plolymeric shells (such as polylactic acid,
PLA, copolylactic-glycolic acid, PLGA, polylactide-glycolide, PLG, etc.) for drug delivery.
Different emulsification, solvent evaporation/extraction, and homogenization techniques have
been used for fabrication of polymeric double emulsions [110-116].
Microfluidic devices for high throughput synthesis of double emulsions using co-flow method
can be categorized into two groups, namely, tubular and planar devices. Tubular devices for
double emulsion generation consist of interconnected glass or plastic mictrocapillaries. The
first microfluidic device for high throughput synthesis of double emulsions was fabricated by
Okushima et al. in 2004 [117] (figure C.1-a), and the first tubular configuration was developed
by Utada et al. in 2005 [118] (figure C.1-b). As schematically shown in figure C.1-b, the inner
diameter of the outer channel, the inner diameter of the tip of the injection channel, and the
inner diameter of the orifice at the collection tube are 1mm, 10~50 μm, and 50~500 μm,
respectively. With these dimensions, double emulsions as small as 50 μm with interface
thicknesses as thin as 3 μm could be synthesized. In the work by Utada et al., microspheres
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with solid shells was fabricated using NOA-acetone solution (70% Norland Optical Adhesive
and 30% acetone) as the intermediate phase. They also synthesized polymeric vesicles by
replacing the intermediate phase with a polymeric solution of 70% v/v Toluene and 30% v/v
terrahydrofuran with 2% dissolved di-block copolymers (PBA-PAA).

Figure C.1: Different groups of methods for the synthesis of double emulsions: (a) the planar
cross flow method (Reproduced with permission from [117]), (b) the tubular co-flow method
(Reproduced with permission from [118])
In 2010, Perro et al. used a different configuration of tubular systems for generation of double
emulsions [119]. They designed and fabricated their device with two successive co-flow
systems out of fused silica tubes with inner diameters of 40 and 150 μm (figure C.2).

Figure C.2: Combination of two successive co-flow configuration for synthesis of double
emulsions by Perro et al., 2010. (Reproduced with permission from [119])
Tubular co-flow microsystems are used to squeeze aqueous liquids with oil-based shell into
another water-based medium and synthesize W/O/W double emulsions, in a similar
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configuration to what was demonstrated in figure A3.1-b [120-125]. Next step can be
encapsulating several oil-based cell models inside a single droplet as their carrier through the
microfluidic device by synthesizing quadruple emulsions [126]. Utilizing a planar method to
realize cell model synthesis on chip integrated with observation chambers, the response of the
cell models under various types of stimulations can be analyzed [127].

C.2. Lipid-Based Cell Models: Giant Unilamellar Vesicles (GUVs)
The more classical and biological model for cells are giant unilamellar lipid vesicles (GUVs).
Formation of vesicles include several steps, namely deposition of dried lipid films, rehydration,
and separation. This process in bulk usually leads to a mixture of mostly multilamellar vesicles
(MLVs) of different shapes, along with some low percentage of small unilamellar vesicles
(SUVs, 15~50 nm), and large unilamellar vesicles (LUVs, 120~140 nm). Figure C.3 borrowed
from Avanti polar lipids website, presents different steps and kinds of liposome formation.

Figure C.3: Different types of lipid vesicles. Borrowed from the Avanti polar lipids website
Extrusion and sonication homogenization are required to reach pure solution of unilamellar
vesicles. A more precisely controlled procedure is proposed, by which achievement of giant
unilamellar vesicles with diameter of 15 to 30 µm is possible [128]. Each droplet that enters
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the observation chamber in a droplet-based microfluidic device can carry several GUVs whose
behavior to external stimulations can be tested.
Shum et al. in 2008 could synthesize giant unilamellar lipid vesicles with diameters up to 100
μm using a tubular co-flow device similar to what described for double emulsions [129]. They
used polyvinyl alcohol (PVA) for the inner phase, and diluted solutions of PVA and glycerol
for the outer phase. Various powder form phospholipids such as DPPC1, DMPC2, DOPC3,
POPC4, DSPC5, and DPPS6 in solutions of toluene, chloroform, and TR-DHPE7 were used for
the intermediate phase in their study. They also used double emulsions as microreactors to
synthesize mesoporous hydroxyapatite, Haps [130].

1

DPPC: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
DMPC:1,2-dimyristoyl-sn-glycero-3-phosphocholine
3
DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine
4
POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
5
DSPC: 1,2-distearoyl-sn-glycero-3-phosphocholine
6
DPPS: 1,2-diacyl-sn-glycero-3-phospho-L-serine
7
TR-DHPE: 1,2-dihexanoyl-sn-glycero-3-phosphoethanolamine
2
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